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List of abbreviations 
ABR auditory brainstem response
AEP auditory evoked potential
(E)CAP (electrically evoked) compound action potential or ‘whole nerve’
potential
EEG electroencephalogram
ELG electrodogram, electrical substrate of the acoustic spectrogram 
EOG electrooculogram
ERP event-related potential. An evoked potential representing higher
level (cortical) cognitive processing
LLR long latency response, an auditory evoked potential that occurs
more than 80 ms post-stimulus
MLR middle latency response, an auditory evoked potential occurring
between 12-80 ms post-stimulus
N1 the first negative long latency response occurring between 80-150 ms
(also known as N100 or N90)
N2 the second negative long latency response following the N1; when
obtained from the difference waveform, it is also called N2d
N3 the third negative long latency response following the N2; when
obtained from the difference waveform, it is also called N3d
NRT neural response telemetry, the measurement of the compound action
potential using the electrodes of a cochlear implant for stimulation
and recording
P1 the first positive peak following the MLR occurring between 55-80
ms (also known as the P60)
P2 the second positive long latency response peak following the P1 (also
known as the P160)
P300 a positive event-related potential occurring around 220-450 ms, or an
auditory evoked potential in response to an oddball paradigm
SVP slow vertex potential referring the obligatory N1-P2 complex
vA
bbreviations &
 definitions
Definitions
amplitude of a response can be measured from either a peak to a preceding or
following trough (peak-peak amplitude), or from a peak to voltage
baseline, usually expressed in microvolts (µV)
C-level Electrically determined most comfortable loudness level with a
cochlear implant 
derived response a response that is the result of some statistical/mathematical manipu-
lation of other waveforms. This usually is a difference waveform
formant peaks in the spectral envelope of a speech, vowels in particular
frequent stimulus the standard stimulus that occurs with a larger probability than a
target stimulus (see ‘rare stimulus’) 
latency the time interval between a reference point (usually start of stimulus)
and some feature (usually a specific peak in the response), expressed
in milliseconds (ms)
map information of individual stimulation parameters (e.g. T/C-levels),
programmed and stored in a CI speech processor
oddball paradigm a stimulation paradigm, which involves the presentation of a random
sequence of two or more different stimuli, one of which occurs less
frequently than the other(s). 
rare stimulus the ‘deviant’ or target stimulus that occurs with a lesser probability
than the standard signal (see ‘frequent stimulus’). The subject is
usually asked to respond when this deviant stimulus occurs
refractory period the time the auditory nerve needs to recover after stimulation
signal averaging a technique of recording a time-locked signal (i.e. an AEP) in order
to reduce the signal-to-noise ratio or to extract small time-locked
responses from larger unwanted signals (e.g. noise)
spectrogram plot showing the amount of energy in different frequency bands as a
function of time
T-level Electrically determined threshold level with a cochlear implant 

vii
Preface
This thesis contributes to one of the pillars of research into otology at the Department of
Oto-rhinolaryngology of the University Medical Centre Nijmegen: cochlear implantation. In
1985, concrete ideas arose about clinical application of cochlear implants (CIs) in Nijmegen
and the first aim was to contribute to the scientific research in this area. In general, the
exploration of new otological developments has always attracted the Nijmegen team. In
2001, the ‘Nijmegen Centre for Implantation in Otology’ (NCIO) became a formal entity
through the blending of joint expertise of several medico-technical applications within our
department. Besides its efforts in CI, the clinic has played a pioneering role in the clinical
application of implantable devices, such as the Bone Anchored Hearing Aid (BAHA),
Vibrant Soundbridge, Symphonix and Otologics middle ear implants.
In close cooperation with ‘Viataal’ (formerly ‘Institute for the Deaf’) in St. Michielsgestel, the
‘Cochlear Implant Centre Nijmegen/St. Michielsgestel’ provides state-of-the-art health care
for CI candidates and more than 450 CI recipients at the end of 2004. Recently, a multi-annual
report from the ‘CI Centre Nijmegen/St. Michielsgestel’ has described the additional value
of the multidisciplinarity of the approach to CI outcomes.
Previous research into cochlear implantation mainly focused on electrically eliciting the
m. stapedius reflex, the auditory brainstem response, the middle latency and - to some extent
- the late latency auditory cortical responses in CI users. These studies have led to publications
and doctoral dissertations on objective measures for CI functionality. The present dissertation
continues with describing such techniques in cochlear implantation and focuses on the effects
of signal processing and the functional neuronal integrity of the human auditory pathway on
the cortical level.

CHAPTER1 
GENERAL INTRODUCTION:
ELECTROPHYSIOLOGICAL
MEASUREMENTS 
1

1.1 Electrophysiological Principles: recording of field potentials
Nerve cells or neurons are the functional building blocks of the human nervous
system (e.g. Levitan et al., 1991). Essential is the communication between
neurons, which is largely based on the chemical interaction that takes place
at specific contact areas, called synapses. At these synapses, the nerve cell’s
membrane behaviour is changed by neurotransmitters, which causes the
generation of electrical transmembrane currents, leading to complex local
electric potential changes and to propagating nerve impulses or action poten-
tials. Carriers of these electric currents consist of all types of intracellular and
extracellular ions, which are present in the brain tissue. The nerve cell mem-
brane function and the electric current flow are regulated by many different
ion-channels that give passage to specific ion types when certain conditions
(e.g. a specific transmembrane potential or the presence of sufficient specific
neurotransmitters) are fulfilled. The connective tissue of the neural system,
the neuroglia, has a nutritive and supportive function. Glial cells outnumber
the neurons by tenfold. Still, the bulk of information is processed by the
billions of neurons that form a shell, or cortex, on the surface of the cerebral
and cerebellar hemispheres. 
In our central nervous system, almost all the neurons are multipolar, i.e. their
cell bodies or somas have multiple poles or angles. On every pole but one, a
dendrite emerges and divides repeatedly. These dendrites receive messages
via synaptic contacts with other neurons. The remaining pole of the soma
gives rise to the axon, which functions as a transmission channel that sends
electro-chemical messages to distant sites in the nervous system.
The cerebral cortex consists of pyramidal cells usually having long axons that
extend to other parts of the brain (projection neurons) and stellate cells or
interneurons that have shorter axons that do not extend beyond the vicinity
of the cell body (local circuit neurons); see Figure 1. 
The term field potentials expresses the
electric potential distributions in and
around the brain structures generated
by simultaneously active populations
of neurons. Such “mass” activity of
neuronal sources can often be sum-
marized as one or more ‘equivalent’
electric current dipoles within a
passive conducting medium com-
prised of the extracellular fluid and
Figure 1. Classification of cortical neurons based
on dendritic tree structure, viz. pyramidal cell
(pyramid shaped; left) and stellate cell (star
shaped; right)
pyramidal cell
stellate cell
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the many tissue types, the volume conductor (e.g. Lueders et al., 1983). The
character of field potentials depends of course on the properties of the
behaviour of the neural current sources. But also the electrical properties of
the volume conductor largely affect the spatial distribution of electrical
potentials as they can be recorded within the brain structures and also on the
scalp. Electrical activity in the brain thus may be modelled as electric current
dipoles, i.e. groups of polarized neurons with a positive ‘end’ and a negative
‘end’. Such a dipole with its, for example, positive ‘end’ towards the upper
mid-surface of the scalp will result in a - relative to the mean potential - positive
component in the potential field at the scalp at that location (e.g. Allison, 1984;
Moeller, 1994). When the ‘dipole ends’ with respect to each other are oriented
tangential to the scalp surface, a clear bipolar (plus-minus) potential distri-
bution is found over the scalp. The mutual orientation of neurons within a
synchronously active structure is important. Potentials recorded by an electrode
on the scalp depend on the orientation of the individual neurons within a
coherent cluster. When dipoles are oriented in a more or less closed circle, the
individual potential fields will largely be cancelled (closed field). When the
neurons are arranged in a geometric configuration with their poles oriented in
the same plane (open field) it is possible to record electrical potentials far away
from the sources, even at the scalp (Lorente de Nó, 1947); see Figure 2.
no scalp potentials
-
-
-
-
-
+
+
+
+
+
++
+
+
+
-
- - -
-
-- -- -
scalp potentials
Figure 2. Neuronal arrangements, according to Lorente de Nó (1947): in contrast with a closed field
orientation (right), a uniform open field orientation of the dendrites produces scalp potentials (left)
Electrical fields of single neurons are too small to detect with scalp recordings,
so the synchronous firing of many neuronal groups is necessary. The duration
of the neural activity and the total number of neural elements that contribute
synchronously are important factors (Jacobson, 1994). As a general rule, more
rostral generating responses produce longer lasting neural fields and require
less synchronization. The duration of the activity of individual source elements,
the overlap of this activity in time and, consequently, the total duration of the
evolution of the potential component in time, increase with higher levels of
processing in the brain. This implies that in the measurement of potential
components from the cortex, temporal synchronization is less critical than it
is in the case of components that are generated closer to the peripheral input,
such as potentials generated in the brainstem. The electric current sources of
cortical potentials are likely to be synaptic and have dendritic electrical fields
of longer duration. As there is less need for rapid stimulus onset to measure
cortical potentials, stimuli with longer signal envelopes can be used.
However, more peripheral responses require far greater numbers of synchro-
nized neural discharges to meet clinical requirements. Thus, it is relatively
easy to record more centrally located brain potentials. The first recordings of
brain potentials in humans were described as early as in 1929 by Berger
(1929).
Field potential recordings are often divided in two types. ‘Near-field’ recordings
are obtained when the source of the potential is located near to the recording
electrode. ‘Far-field’ recordings are obtained from deep (sub)cortical structures,
such as the brainstem. The latter responses are characterised by a lower
amplitude and broader current spread than those recorded in the near-field.
Because of the limited spatial extent of the human head, the distinction as such
is somewhat arbitrary (Stegeman et al., 1997), but in both cases, the neuronal
fields can have different orientations and in many cases more than one
generator is responsible for a given potential component. Recordings obtained
from the surface of the scalp may arise from a complexity of largely unknown
distributed electrical sources, which is inherent to this technique (Allison et
al., 1977).
Clinical applications of monitoring neuro-electrical events in humans mostly
use the registration of brain activity with electroencephalography.
Electroencephalography or EEG is the measurement of the time varying
potential field on the scalp with a smaller (>1) or larger (up to 256) number
of distributed electrodes on or in the scalp and has widely been applied for
various scientific and clinical purposes for a better understanding and the
G
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diagnosis of epilepsy, sleep disorders, traumata or neurological syndromes
(Kolb et al., 1990). Although EEG recordings are a crude measure of the
underlying brain activity, the method is relatively easy, reliable, non-invasive
and able to detect abnormalities in dendritic activity (e.g. abnormal dis-
charges or ‘spikes’) and can even differentiate brain lesions. Various combi-
nations of electrodes (called montages) can be used to localise the source of
abnormal brain activity quite accurately (e.g. Jasper, 1958; Nuwer et al., 1998).
The human central nervous system is always active, even without any
external sensory stimulation. Therefore, when cortical activity is evoked by
certain stimuli or events, the electrophysiologic responses are usually aver-
aged to enhance the signal-to-noise ratio, whereby ‘noise’ is defined as the
ongoing EEG activity, not time-locked to the stimulus. In this way, a target
response or an evoked potential will emerge. Although the activity from
non-stimulus related neural sources in the brain is largely cancelled by the
averaging procedure, the recorded neuro-electrical activity or evoked
potential may still be caused by multiple neural generator sites (Allison et al.,
1977; Jacobson et al., 1985). 
1.2 Auditory Evoked Potentials: classification
Auditory Evoked Potentials (AEPs) are evoked by an external auditory
stimulus and recognised as positive and negative waves or peaks in the EEG
signal following the onset of the stimulus.
Auditory evoked potential peaks can be identified on the basis of sequence,
latency, polarity or a combination of these. Distinction must be made
between polarity-order designations and polarity-latency designations.
Usually, fast or short latency auditory brainstem responses are defined by the
Jewett and Williston nomenclature in Roman numerals (Jewett & Williston,
1971); middle latency responses are defined using polarity and alphabetical
subscripts (Mendel & Goldstein, 1969), while late cortical responses are
defined using polarity and numerical subscripts (Davis & Zerlin, 1966). In the
present studies, the late cortical potentials are defined as follows: the negative
component around 100 ms is called N1, followed by P2, N2, P300 (or P3) and
N3 (see Figure 3).
AEPs can also be classified as having an exogenous or an endogenous origin.
Exogenous responses are elicited directly by external environmental stimuli.
They depend on the physical parameters of the eliciting stimuli and on
change according to the dimensions of the external event (Donchin et al.,
1978). Endogenous responses are relatively invariant to changes in the physi-
cal parameters of the eliciting stimuli. Instead they change according to the
G
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internalization of the event (not the dimensions of the external event) and
include responses of a non-obligatory nature (Donchin et al., 1978; Desmedt
et al., 1979). Moreover, endogenous components, such as the P300 potential,
can be generated by various stimulus modalities (auditory, visual, somatosen-
sory). Squires & Hecox (1983) reported that endogenous components depend
on the contexts in which the stimuli are presented as well as on the physio-
logical status of the subject. 
In terms of processing, the recovery time of the neural system after an exoge-
nous response seems to exceed the time required for an individual to evaluate
the stimulus. In contrast, neural recovery after an endogenous response is
more directly related to individual processing (Woods et al., 1980). 
In the literature, the classifications of exogenous and endogenous compo-
nents vary. It is still open to debate whether the N1 or P2 components -
often called slow vertex potentials - are of 100% exogenous origin. Squires
et al. (1983) classified all the components 100 ms poststimulus as endogenous,
while others (like Velasco et al., 1989) labelled the N100 and P160/P200
components as exogenous. Polich (1998) considered that responses 250 ms
poststimulus were still exogenous, whereas others (e.g. McPherson, 1995;
Rugg et al., 1997) referred to these components as endogenous. Rugg et al.
(1997) suggested that cortical evoked potential components to some degree
have both exogenous and endogenous dimensions. Exogenous components
Figure 3. Schematic overview of the AEPs and nomenclature used in this thesis. Note. scaling of axis is
merely indicative 
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could be manipulated by changing the complexity of the cognitive processing
tasks, while endogenous components could be influenced by changing the
physical stimulus parameters. Consequently, Rugg et al. (1997) proposed that
the early potentials tended to be more exogenous, while later potentials
appeared to be more endogenous. Recently, Cranford et al. (2004) have
reported that – in contrast to the N1 component – significant changes in the
P2 component were influenced by task difficulty. This showed evidence that
some forms of auditory processing are mediated at more central levels of the
auditory system. 
The quality of AEPs depends highly on the subject’s attentional status. If a
subject is uncooperative or too active, sedation or general anaesthesia may be
necessary to obtain good responses. For example, activity from muscles,
measured as electromyogenic activity, can interfere with auditory brainstem
and middle latency responses, because myogenic noise mainly lies in the 50-
250 Hz range, which unfortunately overlaps the bandwidths of these AEPs.
Although anaesthesia has the advantage that the EEG conditions are more
optimal for recording (internal physiological noise is minimised), in these
conditions the auditory cortical responses, such as the slow vertex potentials,
are not reliable. The subject needs to be awake and active to produce reliable
responses. Recording bandwidth in the 1-15 Hz range is less affected by myo-
genic activity, but more affected by low frequency artefacts from electrode
lead movements, high impedances between the electrode and the skin and
EEG rhythms, e.g. alpha-rhythm (8-13 Hz) (Jacobson, 1994).
1.3 The event-related potential (ERP): the P300 response
Event-related P300 potentials are most commonly evoked using a so-called
‘oddball’ paradigm. This paradigm involves the presentation of a random
sequence of two or more different stimuli, one of which occurs less frequently
than the other(s). Subjects are asked to detect the presence of the rare (or
deviant) stimuli, which results in relatively large and widely distributed
positive component in the EEG around 300 ms poststimulus, known as the
P300 (Donchin et al., 1978). The P300 response is enhanced when the subject
is paying active attention (e.g. by counting or pushing a button). Various
different variations stimulation paradigms are effective (e.g. Katayama et al.,
1996; Mertens et al., 1997), but the most commonly applied paradigm is the
simple two-stimulus ‘oddball’ paradigm, in which about 80-90% of the stimuli
comprise one frequent (or standard) stimulus, while the other 20-10% com-
prise one random rare stimulus (Coles et al., 1997). Sutton et al. (1965) were
G
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the first to report this positive component as a cortical response to a discrim-
inative task; they called it the P300 response. Later, another positive compo-
nent was detected just before the P300 and referred to as the P3a (Courchesne
et al., 1975). It is claimed that the latter peak is the response to novel or alerting
stimuli. The cortical response to discriminative tasks has been renamed as the
P3b or ‘classical’ P300 potential and this discriminative potential receives spe-
cial focus in this thesis.
Properties of the P300 potential
The ‘classical’ P300 or P3b is defined as an endogenous positive component
at about 300 ms after stimulus presentation in an oddball paradigm. Various
specific latencies have been assigned to the P300. Donchin (1978) and Snyder
et al. (1980) positioned the P300 in time between 250 and 600 ms post-
stimulus. Hall (1992) defined the P300 between 220 and 380 ms poststimulus,
while Polich et al. (1988) defined its latency between 220 and 300 ms. Onset
latency is considered to be a measure of stimulus classification speed, which
however is independent of the behavioural reaction time (Kutas et al., 1977;
Verleger, 1997). The P300 latency is regarded to be a sensitive temporal
measure of the neural activity that underlies the processes of attention, allo-
cation and immediate memory. In addition, these potentials were found to be
negatively correlated with mental functioning in normal subjects: prolonged
P300 latencies were associated with inferior cognitive performance. This asso-
ciation with cognitive capability has been supported by several studies on
dementing illness (e.g. Olichney et al., 2004).
Amplitudes of the P300 usually show maximum values of about 20 µV.
Psychophysiologically, the P300 amplitude reflects the amount of attentional
resources devoted to a given task (Donchin et al., 1986; Kramer et al., 1988),
i.e. there is an inverse linear relationship between the subjective probability
of the stimulus and the P300 amplitude (Duncan-Johnson et al., 1977, 1982;
Donchin et al., 1978). Therefore, the P300 amplitude is often seen as a measure
of central nervous system activity in the attentional processing of incoming
information in a context (Donchin et al., 1988; Polich, 1998). Figure 4 shows an
example of a response to an auditory tonal contrast in a subject with normal
hearing: the standard stimulus is a 500 Hz sinusoid (thin curve); the deviant
stimulus is a 1 kHz sinusoid (thick curve). The standard and deviant stimuli 
were presented in 85% and 15% of the stimulus events, respectively.
As already mentioned, the event-related P300 potential component is not
modality-specific: it can be evoked not only by auditory stimuli, but also by
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e.g. visual or somatosensory stimuli. Little is known about the (sub)cortical
generator(s) of the P300. Because of its wide distribution over the scalp, it
must be assumed that several brain regions are involved in the origin of the
P300 component (Coles et al., 1997). Buchwald (1990) suggested that although
the neural generators of the P300 are still unknown, studies on maturation
could provide more information about the ontogeny of brain development
with respect to cognitive versus sensory processing. Eggermont developed a
maturation model of all three sensory modalities and reported that different
maturational processes were active in each modality (Eggermont, 1988). The
latter author and others reported that, in contrast with the relatively early
maturation of brainstem and middle latency responses, late auditory cortical
potentials were not mature until early adolescence (Eggermont, 1988; Ponton
et al., 2000). Rotteveel et al. (1987) and Pasman et al. (1999) reported that the
majority of changes in cortical potentials seemed to occur primarily in the
preterm and immediate post-term periods.
Unlike the P300 response to visual stimuli, the P300 response to auditory
stimuli showed little or no shift after preadolescence. In aging studies,
Polich (1996) reviewed normative data on P300 measurements in response
to auditory stimuli. He analysed normative outcomes and found differences
in the number and age distribution of subjects, stimulus factors and tasks
used to elicit the ERP between the studies. Generally, P300 amplitudes
decreased and P300 latencies increased with increasing age. Particularly
The P300 potential
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Figure 4. Example of an auditory evoked event-related P300 potential, obtained in response to a tonal
contrast. Thin line is the response to the standard stimulus (500 Hz) that formed 85% of the stimuli; the
thick line is the response to the deviant stimulus (1000 Hz) that formed 15% of the stimuli
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beyond the age of 65 years, prominent relative increases were seen in the
dispersion of individual data.
Clinical application of the P300 potential
In clinical practice, P300 recordings have been applied as a psychophysiological
tool in the early diagnosis of several neurological disorders, such as
Alzheimer’s disease (e.g. Olichney, 2004), schizophrenia (e.g. Heidrich et al.,
1997; Kirino, 2004), epileptic patients (e.g. Caravaglios et al., 2001; Wambacq
et al., 2004), traumatic brain injuries (e.g. Lew et al., 1999; Mazzini, 2004),
alcoholism and drugs (e.g. Polich et al., 2004) and also to study the processing
of speech in children (e.g. Henkin et al., 2002; Newman et al., 2003). The P300
potential has proven its psychophysiological merit as an index of cognitive
functioning, although the diagnostic sensitivity varies and is still under
debate. Nevertheless, neuropsychological tests showed relations between the
allocation and maintenance of attentional resources assessed with the P300
ERP (McCullagh et al., 2001).
The P300 has also been gaining interest in clinical audiology as a potentially
helpful tool to assess central auditory processing disorders in subjects with
and without hearing impairment and in subjects who are difficult to test
(Butcher, 1994). The subject’s sensitivity and discrimination abilities can be
evaluated with physiological responses, since this ERP is directly related to
auditory perceptual skills. Especially in patients whose ability to perceive
and discriminate stimuli is an issue, the P300 response could be an objective
electrophysiological evaluative tool for audiological assessment. 
Multichannel recording seem to be of little relevance, because it is well-
known that the generation of the multimodal P300 potential is complex, wide
spread and therefore probably the resultant of an arsenal of several underlying
source regions in the brain. Therefore, most recordings are performed with a
single-channel EEG set-up, i.e. one differential channel from two electrodes
and one ground channel, according to the specifications proposed by the
International Society of Psycho- and Neurophysiology (Picton et al., 2000). In
the present thesis, a multi-channel EEG pilot study was conducted to find an
optimal location for the electrode position on the mid-line of the scalp to
improve the sensitivity of the recordings to the P300 changes.
Results showed that the highest amplitudes were recorded in the Cz and Pz
regions (midline central, midline parietal) of the human scalp, in conformity
with the P300 literature (see Figure 5).
Ch
ap
te
r 1
12
References
Allison T (1984) Recording and interpreting event-related potentials. In: Donchin E (ed):
Cognitive psychophysiology: event-related potentials and the study of cognition. Lawrence
Erlsbaum Associates Inc, London, 1-30.
Allison T, Matsumiya Y, Gogg GD & Goff WR (1977) The scalp topography of human visual
evoked potentials. 
Berger H (1929) Uber das Elektroenkephalogramm des Menschen. Archiv für Psychiatrie und
Nervenkrankheiten, Berlin, 87:527-570.
Buchwald JS (1990) Comparison of plasticity in sensory and cognitive processing systems.
Clin Perinatol 17(1):57-66.
Butcher J (1994) Cognitive auditory responses. In: Jacobson (ed) Principles and applications in
auditory evoked potentials. Allyn and Bacon, Massachusetts, 219-235.
Caravaglios G, Natale E, Ferraro G, Fierro B, Raspanti G & Daniele O (2001) Auditory event-
related potentials (P300) in epileptic patients. Neurophysiol Clin 31(2):121-129.
Coles MGH, Smid HGOM, Scheffers MK & Otten LJ (1997) Mental chronometry and the
study of human information processing. In: Rugg & Coles (eds) Electrophysiology of the mind:
event-related brain potentials and cognition. Oxford University Press, New York, 92-100.
Figure 5. Multi-channel EEG recordings of the P300 response in a subject with normal hearing derived
from Oz, Pz, Cz and Fz. In accordance with literature reports, the highest amplitudes were found in the
Cz-Pz area
G
eneral introduction: Electrophysiological m
easurem
ents
13
Courchesne E, Hilyard SA & Galambos R (1975) Stimulus novelty, task relevance and the
visual evoked potential in man. Electroencephalogr Clin Neurophysiol 39:131-143. 
Cranford JL, Rothermel AK, Walker L, Stuart A & Elangovan S (2004) Effects of discrimination
task difficulty on N1 and P2 components of late auditory evoked potential. J Am Acad Audiol
15:456-461.
Davis H & Zerlin S (1966) Acoustic relations of the human vertex potential. J Acoust Soc Am
39:109-116.
Desmedt JE & Debecker J (1979) Waveform and neural mechanism of the decision P350 elicited
without prestimulus CNV or readiness potential in random sequences of near-threshold auditory
clicks and finger stimuli. Electroencephalogr Clin Neurophysiol 47:648-670. 
Donchin E. Ritter W & McCallum WC (1978) Cognitive psychophysiology: the endogenous
components of the ERP. In: Callway et al. (eds) Event-related brain potentials in man. Academic
Press, New York.
Donchin E, Karis D, Bashore DR, Coles MGH, & Gratton G (1986) Cognitive psychophysiology
and human information processing. In: Coles MGH et al. (eds) Psychophysiology: systems,
processes, and applications. The Guilford Press, New York, 244-267.
Donchin E & Coles MGH (1988) On the conceptual foundations of cognitive psychophysiology.
Behav Brain Sci 1:406-417.
Duncan-Johnson CC & Donchin E (1977) On quantifying surprise: the variation of event-
related potentials with subjective probability. Psychophysiol 14:456-467.
Duncan-Johnson C & Donchin E (1982) The P300 component of the event-related brain potential
as an index of information processing. Biol Psychol 14:1-52. 
Eggermont JJ (1988) On the rate of maturation of sensory evoked potentials. Electro-
encephalogr Clin Neurophysiol 70(4):293-305.
Hall  JW (1992) Handbook of auditory evoked responses. Allyn and Bacon, Massachussetts, 240-243.
Heidrich A & Strik W (1997) Auditory P300 topography and neuropsychological test per-
formance: evidence for left hemispheric dysfunction in schizophrenia. Biol Psychiatry 41:327-
335.
Henkin Y, Kishon-Rabin L, Gadoth N & Pratt H (2002) Auditory event-related potentials
during phonetic and semantic processing in children. Audiol Neurootol 7:228-239.
Jacobson JT & Hyde ML (1985) An introduction to auditory evoked potentials. In: Katz J (ed)
Handbook of clinical audiology. Williams & Wilkins, Baltimore, 496-534.
Jacobson JT (1994) Prelude to auditory evoked potentials. In: Jacobson (ed) Principles and
applications in auditory evoked potentials. Allyn and Bacon, Massachusetts, 3-22.
Jasper HH (1958) The ten-twenty electrode system of the international federation.
Electroencephalogr Clin Neurophysiol 10:371-375.
Jewett DL & Williston JS (1971) Auditory evoked far fields averaged from scalp of humans.
Ch
ap
te
r 1
14
Brain 94:681-696.
Katayama J & Polich J (1996) P300 from one-, two-, and three-stimulus auditory paradigms.
Int J Psychophysiol 23:33-40.
Kirino E (2004) Correlation between P300 and EEG rhythm in schizophrenia. Clin EEG
Neurosci 35(3):137-46.
Kolb B & Whishaw IQ (1990) Fundamentals of human neuropsychology. Freeman WH & Co,
New York, 51-57.
Kramer AF & Strayer DL (1988) Assessing the development of automatic processing: an appli-
cation of dual-track and event-related brain potential methodologies. Biol Psychol 26:231-267.
Kutas M, McCarthy G & Donchin E (1977) Augmenting mental chronometry: the P300 as a
measure of stimulus evaluation time. Science 197:792-795.
Levitan I & Kaczmarek L (1991) The neuron: cell and molecular biology. Oxford University Press,
New York.
Lew HL, Slimp J, Price R, Massagli TL & Robinson LR (1999) Comparison of speech-evoked
vs tone-evoked P300 response: implications for predicting outcomes in patients with trau-
matic brain injury. Am J Phys Med Rehabil 78(4):367-371.
Lorente de Nó, R (1947) Action potential of the motor neurons of the hypoglossus nucleus.
J Cell Comp Physiol 29:207-287.
Lueders H, Lesser R, Hahn J, Little J & Klem G (1983) Somatosensory evoked potentials to
median nerve stimulation. Brain 106:341-372.
Mazzini L (2004) Clinical applications of event-related potentials in brain injury. Phys Med
Rehabil Clin N Am 15(1):163-75.
McPherson DL (1996) Late potentials of the auditory system. Evoked Potential Series, Singular
Publ. Groups, London, UK, 7-23. 
McCullagh PJ, McAllister HG, Howard R & Neo LH (2001) Paradigms for recording cognitive
brain electrical activity. Methods Inf Med 40(3):184-9.
Mendel MI & Goldstein R (1969) Stability of the early components of the averaged electro-
encephalic response. J Speech Hear Res 12:351-361.
Mertens R & Polich J (1997) P300 from a single-stimulus paradigm: passive versus active
tasks and stimulus modality. Electroencephalogr Clin Neurophysiol 104(6):488-497.
Newman RL, Connolly JF, Service E & McIvor K (2003) Influence of phonological expecta-
tions during a phoneme deletion task: evidence from event-related brain potentials.
Psychophysiology 40(4):640-7.
Nuwer MR, Comi C, Emerson R, Fuglsang-Frederiksen A, Guerit JM, Hinrichs H, Ikeda A,
Luccas FJ & Rappelsberger P (1998) IFCN standards for digital recording of clinical EEG.
Electroencephalogr Clin Neurophysiol 106:259-261.
Olichney JM & Hillert DG (2004) Clinical applications of cognitive event-related potentials in
G
eneral introduction: Electrophysiological m
easurem
ents
15
Alzheimer’s disease. Phys Med Rehabil Clin N Am 15(1):205-33. 
Pasman JW, Rotteveel JJ, Maassen B & Visco YM (1999) The maturation of auditory cortical
evoked responses between (preterm) birth and 14 years of age. Eur J Paediatr Neurol 3(2):79-82. 
Picton TW, Bentin S, Berg P, Donchin E, Hillyard SA, Johnson R, Miller GA, Ritter W, Ruchkin
DS, Rugg MD & Taylor MJ (2000) Guidelines for using human event-related potentials to study
cognition: recording standards and publication criteria. Psychophysiology 37:127-152.
Polich J, Aung M & Dalessio DJ (1988) Long latency auditory evoked potentials: intensity,
interstimulus interval, and habituation. Pavlov J Biol Sc 23(1):35-40.
Polich J (1996) Meta-analysis of P300 from normative aging studies. Psychophysiol 33:334-353.
Polich J (1998) P300 clinical utility and control of variability. J Clin Neurophysiol 15(1):14-33.
Polich J & Ochoa CJ (2004) Alcoholism risk, tobacco smoking, and P300 event-related potential.
Clin Neurophysiol 115(6):1374-1383.
Ponton CW, Eggermont JJ, Kwong B & Don M (2000) Maturation of human central auditory
system activity: evidence from multi-channel evoked potentials. Clin Neurophysiol 111:220-236.
Rotteveel JJ, de Graaf R, Stegeman DF, Colon EJ & Visco YM (1987) The maturation of the
central auditory conduction in preterm infants until three months post term. V. The audito-
ry cortical response (ACR). Hear Res 27(1):95-110.
Rugg MD & Coles MGH (1997) The ERP and cognitive psychology: conceptual issues. In:
Rugg & Coles (eds) Electrophysiology of the mind: event-related brain potentials and cognition.
Oxford University Press, New York, 27-38.
Snyder E, Hillyard SA & Galambos R (1980) Similarities and differences among the P3 waves
to selected signals in three modalities. Psychophysiol 17:112-122.
Squires KC & Hecox KE (1983) Electrophysiological evaluation of higher level auditory
processing. Sem Hear 4(4):415-432.
Stegeman DF, Dumitru D, King JC & Roeleveld K (1977) Near- and far-fields: source charac-
teristics and the conducting medium in neurophysiology. J Clin Neurophysiol 14:429-442.
Stenklev NC & Laukli E (2004) Cortical cognitive potentials in elderly persons. J Am Acad
Audiol 15:401-413.
Sutton S, Braren M, Zubin J & John ER (1965) Evoked potential correlates of stimulus
uncertainty. Science 150:1187-1188.
Velasco M, Velasco F & Velasco AL (1989) Intracranial studies on potential generators of
some vertex auditory evoked potentials. Stereotact Funct Neurosurg 53(1):49-73.
Verleger R (1997) On the utility of P3 latency as an index of mental chronometry.
Psychophysiol 34:131-156.
Wambacq I & Abubakr A (2004) Auditory event-related potentials (P300) in the identification
of psychogenic nonepileptic seizures. Epilepsy Behav 5(4):503-8.
Woods D, Hillyard S, Chourchesne E & Galambos R (1980) Electrophysiological signs of
split-second decision making. Science 207:655-657
Ch
ap
te
r 1
16
CHAPTER 2 
COCHLEAR IMPLANTS:
SPEECH PROCESSING 
& 
AUDITORY CORTICAL POTENTIALS
17

2.1 Electrical stimulation by means of a cochlear implant: some
principles in signal processing
A short history of cochlear implantation
During the past two decades, cochlear implantation has proven its surplus
value in the treatment of patients with total sensorineural deafness, in whom
conventional hearing aid fitting could not improve or initiate oral communi-
cation. Clark (2003) defined the modern cochlear implant (CI) as “a bionic ear,
which restores useful hearing in severely to profoundly deaf people when the organ of
hearing situated in the inner ear (cochlea) has not developed or is destroyed by dis-
ease or injury. This device bypasses the inner ear and provides information to the
hearing centres through direct stimulation of the hearing nerve”.
Even in profoundly deaf ears, the auditory nerve and associated spiral
ganglion cells appeared to be sensitive to electrical stimulation of the
cochlea. Since the first reports on electrical stimulation of the auditory nerve
in man by Gisselson (1950), Djourno & Eyries (1957) and, on a larger scale,
House (1976), several cochlear implant designs have been introduced.
Initially, stimulating electrodes were placed in the modiolus (Simmons,
1964) or in the scala tympani (e.g. House & Urban, 1973). These pioneer
devices were succeeded by multichannel devices (Chouard et al., 1976; Tong
et al., 1979), more sophisticated single electrode devices (Hochmaier et al.,
1981) and multichannel extracochlear devices (Banfai et al., 1987). In the early
nineteen nineties, these were replaced by multichannel intracochlear devices
that have proved to stimulate the spiral ganglion cells more locally and at
lower current levels than previous devices. The standard coupling between
the electrode array and the speech processor output has been superseded by
a transcutaneous FM coupling (see Figure 1). Recently, body-worn speech
processors have been replaced by behind-the-ear (BTE) models that are
much more compact and therefore more comfortable to wear.
Signal processing by cochlear implants: speech coding strategies of the Nucleus
multichannel CI system
Speech comprises fast sequences of patterns that vary in frequency, ampli-
tude and time (Moore, 2003). Usually, an acoustic spectrogram is used to
display these variations: a three-dimensional plot of the amount of energy in
different frequency bands as a function of time. Examples of acoustic spectro-
grams of speech stimuli are shown in Figure 6. When the spectrograms of two
different vowels are compared - e.g. the vowels /i/ and /a/ - they will be
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seen to differ in their main frequency components, called formant frequencies
and the amount of energy in each formant. Frequency variations in time,
characterized as ‘steady-state’ periods, seldom occur in a vowel spectrogram.
In contrast, consonants have more complex spectrograms and in the case of a
consonant-vowel combination, the consonant affects the formants of the
vowel. These influences, i.e. changes in time (‘formant transitions’) depend
on the manner and site of articulation in the human vocal tract or the
(non)periodicity of the speech signal. Differences in spectral energy between
the consonant-vowel combinations /ba/ (explosive, bilabial) and /da/
(explosive, dental) can clearly be seen as different transitions of the formants
F2 and F3 in Figure 2.
Subtle auditory identification is required to perceive different speech
tokens, based on differences in formants and/or formant transitions. When
incoming speech reaches the CI processor, the signals are pre-analysed in
such a way that the distinctive speech features are presented optimally to
the auditory nerve. Several speech-processing algorithms have been intro-
duced in recent years to enhance the features of speech. Differences
between algorithms can be visualized using spectrograms to plot the output
of the speech processors. Graphical representation of the electrical analogy
of the acoustic spectrogram has recently been described by Lai et al. as an
electrodogram (2003).
CI hardware and software have improved considerably since the first
human trials in the late nineteen 70s. Nowadays, speech coding strategies
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Figure 1. Schematic diagram of a cochlear implant system: acoustic signals are received by an external
microphone, coded as electrical signals by the speech processor and sent through the skin via RF-trans-
mission to the implanted coil (receiver). Signals are decoded and the appropriate electrodes, placed in
the cochlea, are activated to stimulate the auditory nerve
speech processor
with microphone
external coil with magnet
(transmitter)
internal coil with magnet
(receiver)
implant
skin
transcutaneous 
RF-coupling
intracochlear
electrode array
do not merely focus on sound detection, but also on speech perception
and recognition in quiet and even in noise. Recently, new speech coding
strategies have been introduced in various CI systems. Technical develop-
ments have made it possible to implement faster and more sophisticated
speech analysis paradigms. Electro-stimulation of the intracochlear elec-
trodes can be performed in various ways (Wilson, 2000; Clark, 2003).
However, the specific hardware and software of the CI speech processor
usually determine the scope and limitations of electro-stimulation.
Stimulation parameter settings vary widely between and within CI systems. 
Earlier speech-processing techniques of the Nucleus CI System (Cochlear
Corp.) were based on formant extraction algorithms. The first ‘F0/F2 feature
extraction strategy’ only extracted the fundamental frequency F0 (voicing
frequency at each electrode) and the second formant F2. F0 was used as the
processing rate (update rate) and the corresponding electrode was stimulated
in the frequency band containing the mean frequency of F2. In this stimula-
tion, a short biphasic pulse was used with the same frequency rate as the
update rate. Some time later, the F1 formant was added and coded as the site
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/i/ 
F1: 255
F2: 1980
F3: 2950
/a/ 
F1: 750
F2: 1315
F3: 2525
/ba/ 
F1: 400 
F2: 1000 
F3: 2150 
F1: 750 
F2: 1150 
F3: 2500 
/da/ 
F1: 400 
F2: 1500 
F3: 3150 
F1: 750 
F2: 1150 
F3: 2500 
Figure 2. Examples of the spectrograms of two vowels /i/ and /a/ and two consonant-vowel combi-
nations /ba/ and /da/. The black lines in the spectrograms of the consonant stimuli indicate the
formant transitions (Y-axis: frequency in Hz; X-axis: time in seconds)
of stimulation. Owing to this increase in spectral information, the addition of
F1 resulted in better speech recognition. In this ‘F0/F1/F2 strategy’, the more
basal part of the cochlea was stimulated to represent F2 (spectral peak range
between 800-4000 Hz), while the more apical part of the cochlea was stimu-
lated to represent F1 (spectral peak range between 280-1000 Hz). For similar
reasons, the higher F5 (spectral peak range from 3800-6200 Hz) was also
added at a later stage, especially to code unvoiced and a-periodic sounds,
whether or not in combination with the other spectral peaks. 
In 1989, the MPEAK strategy was introduced that extracted and encoded
five spectral components from the incoming acoustic signal. The first (F1)
and second formants (F2) were extracted and presented to 2 channels
according to the frequency estimates of these formants. F0 was extracted by
measuring the zero crossing rate of the filtered signal. Additionally, three
channels were stimulated in the basal part of the cochlea for high-frequency
energy after band-filtering over a range from 2000 to 6000 Hz (three fre-
quency bands). The stimulation rate for voiced sounds was the same as the
fundamental frequency, while unvoiced (a-periodic) sounds had a pseudo-
random rate that varied from 200 to 300 Hz.
In 1994, another new generation of speech processors was introduced: the
‘Spectra’ processors, implemented with the spectral peak (SPEAK) strategy
(Skinner et al., 1994). In contrast with the formant ‘vocoder’ strategies
(F0/F1/F2, MPEAK) with fixed-filter schemes, the SPEAK strategy was able
to add much more spectral information. The former concept of specific
speech feature extraction was abandoned.
The SPEAK coding strategy uses a filter bank in combination with a
maximum detector to analyse information in the acoustic signal. Incoming
acoustic signals are filtered by 20 bank filters with centre frequencies of up
to 10 kHz. Bands with the highest outputs (maxima) are selected and the
corresponding electrodes (channels) are activated. The number of activated
channels depends on the signal level and the spectral composition of the
acoustic input. Stimuli at the electrode sites are biphasic pulses presented at a
stimulation rate of between 180 Hz and 300 Hz that depends on the stimulus
intensity and the number of maxima detected. SPEAK enables more optimal
stimulation in both the time and frequency domains: more maxima are
detected in broadband signals with a slower stimulation rate to provide
more spectral information, while sounds with limited spectral information
are stimulated at a higher rate to provide more temporal information.
Owing ot this increase in spectral information, the strategy distinguishes
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background noise from speech signals more efficiently than the former
MPEAK strategy (Dillier et al., 1995; Parkinson et al., 1998).
In 1997, ‘Continuous Interleaved Sampling’ (CIS) and ‘Advanced
Combination Encoding’ (ACE) speech coding strategies were introduced in
the Nucleus 24M CI system implant for use with the ‘Sprint’ speech processor.
In response to earlier application of simultaneous analogue stimulation
paradigms in the Symbion/Ineraid CI system, CIS was developed to avoid
channel interaction by a continuous but interleaved stimulation of elec-
trodes with biphasic pulses. The presentation rate of the pulses was fixed; it
was assumed that the representation of voicing information would increase
by using stimulation rates that were higher than those used in the MPEAK
and SPEAK strategy (Wilson, 2000). Previously, Wilson had undertaken sev-
eral studies to optimize the stimulation rate and number of filters. He found
that interleaved stimulation improved speech perception in quiet when up to
7 electrodes were used (Wilson, 1997).
At about the same time, the ‘Advanced Combination Encoder’ (ACE) speech
coding strategy was introduced. Experiments with SPEAK and CIS led to a
combination of the two strategies, i.e. a strategy based on spectral maxima
detection from SPEAK, but with higher stimulation rates and – depending on
the input - with a varying number of stimulus channels. 
Mathematical tools were also developed so that the dynamic range of sound
intensities in each frequency band could be fitted to the dynamic range of
each electrode (James et al., 2002), the so-called ‘Adaptive Dynamic Range
Optimisation’ (ADRO). Vandali et al. (2001) described ‘Transient Emphasis
Spectral Maxima’ (TESM) processing, a speech coding strategy based on
SPEAK that emphasized the important transient cues (amplitude and fre-
quency transitions) in speech formants. Until now, TESM has not been
implemented in CI systems. Research still focuses on how stimulation rates
affect the recognition of individual speech features (consonants in particular)
and whether these rates can account for the variability in individual speech
scores. The first results of ‘differential rate speech-processing’ (DRSP)
showed that the manner of articulation in consonant perception was better
perceived with higher stimulation rates, whereas the site of articulation was
better perceived with lower rates (Grayden & Clark, 2000). Further research
into ‘hybrid strategies’, such as DRSP, may confirm their capacity to improve
speech coding. 
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In the present studies, all the measurement data were obtained using the
MPEAK, SPEAK, ACE or CIS speech coding strategy with the Nucleus CI
system (Cochlear Corporation, Australia).
2.2 Neurophysiology of speech processing and perception with CI
Speech processing and perception via a CI can be simplified as a four-stage
process (see Figure 3). The first stage is signal processing by the CI speech
processor. Acoustic information is converted into electrical pulses. The main
adjustable variables are the speech-processing parameters implemented by
specific speech coding strategies (first stage), such as the assignment of
frequency bands to stimulate different sites (electrodes), the electrode
configuration and stimulation modes (monopolar, bipolar or common
ground). Speech processing by the CI can be assessed by electrodograms,
i.e. the electrical correlate of the acoustic spectrogram.
The second stage is the transfer of electrical coded signals to neural tissue
(spiral ganglion cells in the cochlea) referred to as the ‘electro-neural
interface’. Important features are the number of neurons firing in spatially
distributed groups (channel interaction), the temporal integration of the
firing events, and also the refractory time and the input-output behaviour
of the nerve fibres in the auditory nerve.
In the third stage, neural subcortical processing takes place. Grossly, this
involves the pathway between the brainstem until the auditory cortex.
Neural activity of afferent processing can be studied by the exogenous slow
vertex potentials N1 and P2, which are mainly detection components.
The fourth stage can be assessed by event-related potential measurements
(ERPs). This stage encompasses the processing related to cognition, such
as stimulus discrimination and implies acoustic and/or phonemic sound
processing on a ‘conscious’ cortical level. On this level, syntactic and
semantic knowledge are dealt with, thus ERPs will also be affected by top-
down processing. 
2.3 Measuring auditory cortical activity in CI users
For more than a decade, researchers have been looking for the relation
between speech perception scores and electrophysiological measures (e.g.
Blamey et al., 1992; Waltzmann et al., 1995; Battmer et al., 1995). Initially,
postoperative auditory neural processing was studied by recording auditory
evoked potentials (AEPs) on the scalp. These electrophysiological measure-
ments are characterized by high temporal resolution and give information
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about neural processing times (by individual peak latencies). Several clinical
studies on CI users focused on the different loci of the human auditory pathway
in search of a relation between speech perception performance and objective
measurements. A number of hypotheses were tested to explain the variation
in speech recognition scores related to neural processing on the level of the
cochlea (intracochlear responses measured by neural response telemetry:
Brown et al., 1996; Abbas et al., 1999; Dillier et al., 2002), the brainstem area
(auditory brainstem responses; Shallop et al., 1990; Kileny et al., 1991, 1994;
Abbas & Brown, 1991; Brown et al., 1994; Makhdoum et al., 1998; Firszt et al.,
2002), subcortical areas (middle latency responses, Shallop et al., 1990; Groenen
et al., 1997; Makhdoum et al., 1998; Firszt et al., 2002) and cortical level (late
latency responses;  Oviatt & Kileny, 1991; Kraus et al., 1993; Micco et al., 1995;
Kileny et al., 1997; Ponton et al., 2000). With the exception of the late latency
responses, speech stimuli cannot be used to evoke auditory responses.
Therefore, most measurements were performed with tonal stimuli and clicks.
However, such AEP measures might lead to poor correlations and might
have little relevance to speech communication.
Late latency AEP components in CI users were studied by several groups. A
few studies described mismatch negativity (MMN) in CI users (e.g. Kraus et
al., 1993a, 1993b; Groenen et al., 1996; Ponton et al., 2000), the cognitive P300
potential in CI users (Deggouj et al., 1994; Kaga et al., 1991; Oviatt & Kileny,
1991; Jordan et al., 1997; Kileny et al., 1997) and to a smaller extent the speech-
evoked P300 potential (Kaga et al., 1991; Micco et al., 1995; Kileny et al., 1997).
In contrast to the P300 potential, the MMN appears to reflect the processing
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Figure 3. Speech processing simplified into four stages in a cochlear implant recipient
of acoustic aspects rather than the phonetic processing of speech stimuli
(Sharma et al., 1993). This suggested that the P300 potential might be a good
choice for studying the phonetic discrimination of speech stimuli.
Only a few studies used speech stimuli to evoke P300 responses in CI users.
With speech stimuli (/di/ vs /da/), Micco et al. (1995) obtained P300
responses from eight CI users with good performance whose characteristics
were comparable with those in subjects with normal hearing. Moreover, no
P300 responses were evoked in one patient with poor performance. This was
in contrast with a previous study by Oviatt & Kileny (1991) who used tonal
contrasts (0.5 kHz vs 1 kHz; 0.5 kHz vs 2 kHz) in ten CI users. They reported
significantly prolonged P300 latencies in the CI group compared to subjects
with normal hearing. Jordan et al. (1997) recorded P300 responses to tones
(0.4 kHz vs 1.45 kHz) in a monthly follow-up session over a period of six
months of rehabilitation, but they only briefly reported the data obtained
from five CI subjects in the first week after initial processor fitting and they
did not describe long-term changes within subjects. Kileny et al. (1997) found
significant relations between P300 responses elicited with tonal contrasts (1.5
kHz vs 3 kHz) and speech performance in twelve children with a CI: better
sentence recognition was related to shorter P300 latencies. Longer latencies
were found in response to speech stimuli than in response to tonal stimuli.
The relation between the P300 elicited by a speech contrast (/heed/ vs
/who’d/) and speech recognition of sentences demonstrated similar tenden-
cies, but was not statistically significant. They assumed that if more difficult
or more accurately defined speech contrasts had been used, the correlation
might have been better. Differences in methodology, hardware and software
(CI systems, speech coding paradigms) and small group sizes might have
been partly responsible for the inconsistent outcomes of the above-mentioned
studies.
In summary, it seemed to be possible to evoke P300 potentials with tonal
stimuli in the majority of CI users, but very few consistent associations were
reported between the P300 obtained with speech stimuli and speech recogni-
tion.
Various alternative techniques are available to assess human cortical activity:
Positron Emission Tomography (PET), Single-Photon Emission Computed
Tomography (SPECT), functional Magnetic Resonance Imaging (fMRI) and
Magneto-Encephalography (MEG). Unfortunately, the latter two methods
cannot be applied to CI subjects because of technical incompatibilities.
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fMRI is based on the principle that certain atoms (e.g. hydrogen in humans)
behave like tiny spinning magnets. Since its introduction by Ogawa et al. in
1992, the cognitive neurosciences have been making progressively more use
of it to analyse changes in brain activity when specific tasks are performed. A
review on the principles of fMRI in auditory neuroscience was made by
Cacace et al. (2000). Interpretation of the cortical image is hindered sharply by
the induction of huge measurement artefacts by the coil implanted part of the
CI. 
Similar artefacts are also involved in the interpretation of ERFs or event-related
fields obtained with MEG. MEG is a non-invasive method to demonstrate
electrophysiological processes of auditory functioning more focally than the
EEG (e.g. review by Simos et al., 2000). One of our in-vitro experiments on a
cochlear implant in the MEG “helmet” demonstrated that it was impossible
to measure magnetic brain activity because of the severe artefacts induced by
the magnetic materials of the CI.
Positron Emission Tomography or PET scanning can be performed in CI subjects.
Patients are given a radioactively labelled form of glucose that is metabolised
by the brain. Brain regions with high metabolic activity show higher regional
blood flow and thus higher concentrations of radioactivity. The underlying
concept of PET is that an increase in the regional cerebral blood flow (rCBF)
has shown to be related to brain activity. Nevertheless, it should be realized
that haemodynamic images from PET scanning are indirect indicators of neural
activity and they only depict changes in neural activity on the basis of the
release and uptake of glucose or oxygen. Unlike ERPs, PET does not require
any neural synchronicity. Longer periods of metabolism are needed to evoke
rCBF activity. This implies that the temporal resolution of this method is
lower than that of ERPs, although this disadvantage can be considered as an
advantage when less time restricted stimuli are applied as for instance in a
more cognitively loaded task.  PET is used to compare metabolic activity in
the same subject under a variety of conditions. Scans from two different
conditions can be subtracted to visualize the brain activity that is unique to
one condition (Raichle, 1983; Kolb & Whishaw, 1990). For a recent review, see
Johnsrude et al. (2002).
PET has the disadvantage that a patient has to be injected with an isotope and
that the measurement interval is limited to the lifetime of the isotope. Despite
the poor temporal resolution, PET has the advantage of high spatial resolution:
it can precisely visualise local concentrations of brain activity. 
Until now, only a few studies have been published on PET in CI users, most
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of which focused on the relation with speech perception (e.g. Fujiki et al.,
1998; Miyamoto et al., 1999; Naito et al., 2000; Oh et al., 2003). Fujiki et al.
(1998) compared the cortical activity of two groups of CI subjects fitted with
the Nucleus 22 channel system who were using different speech coding
strategies, viz. MPEAK and SPEAK. They reported that in the MPEAK group,
the rCBF was enhanced in the primary auditory area in response to speech
stimuli and white noise stimuli. This suggested that the primary auditory
area did not specifically reflect effective neural processing of speech with
MPEAK. Contrastingly, in the SPEAK group, an increase was found in the
rCBF in the auditory association area in response to speech stimuli. It
appeared that SPEAK activated more speech-processing neural networks in
this area than MPEAK. In a later study, the results of the CI subjects were com-
pared to those of subjects with normal hearing, which revealed higher cortical
activation in the CI group than in controls (Naito et al., 2000).
Single-Photon Emission Computed Tomography or SPECT uses the technology
of conventional computerized transaxial tomography (CT) scanning. It also
visualises rCBF, but has much less resolution than PET. However, an
advantage of SPECT is that commercially available tracers can be used which
avoids the need for a cyclotron (particle accelerator).
Recently, Tobey et al. (2003) have measured rCBF in adults with normal hearing
(controls) and adult CI users while they were exposed to videotaped stories
under the conditions of ‘auditory only’ and ‘visual only’. The CI users with
good performance showed bilateral brain activity, although to a lesser extent
than the controls; poor CI performance led to only unilateral brain activation
(Brodmann area 41). The authors suggested that the variability between
subjects might have been caused by deficiencies in the SPECT technique.
Similar results were described by Roland et al. (2001).
In conclusion, limitations were encountered when different measurement
methods attempted to map (sub)cortical processes to disentangle auditory
processing of speech in CI users. As MEG and fMRI measurements are not
possible in CI users, SPECT/PET and EEG are good alternatives. Although
SPECT/PET have good spatial resolution, they are not suitable to measure fast
processing of short speech stimuli, because of their low temporal resolution
(Deggouj & Gersdorff, 1998). At present, EEG recording and analysis tech-
niques appear to be the only way to study stimuli with rapidly changing
temporal fluctuations, such as speech.
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2.4 Aims of the studies
The purpose of the research reported in this thesis was to gain greater insight
into the processing of speech sounds in cochlear implant recipients as part of
the clinical cochlear implant programme Nijmegen/St. Michielsgestel. 
We focus on the perception of speech in CI users. The type of speech coding
strategy served as a main variable (see Figure 3, first stage), while cognitive
P300 potentials (fourth stage) formed the main outcome measure. In addition,
output of the CI processor was assessed by means of electrodograms (first
stage) and peripheral neural processing with the obligatory slow vertex
potentials (third stage). 
Perception of basal speech contrasts was investigated in CI users by means
of event-related P300 potentials. We used the EEG technique to record these
evoked potentials, because it has high temporal resolution and forms an
adequate indicator to assess detection components (N1, P2) and the cortical
processing of speech (P300).
P300 potentials are assumed to represent cortical activity associated with
discriminative tasks. Therefore, we used vowel and consonant contrasts to
evoke discriminative responses. To process speech with a CI, the speech
processor part of the device is fitted with speech coding strategies that
contain different encoding paradigms. An interesting question is whether
there are differences in processing between coding strategies. If it is possible
to evoke consistent coding-strategy-dependent ERPs, we may be able to
predict the ‘best’ speech coding strategy for each individual patient on the
basis of these measurements. Before we can answer this question, we need to
know more about the acquisition of auditory cortical potentials. Therefore,
electrophysiological responses were studied in subjects with normal hearing
and in CI users. 
Research questions
-  Is it possible to evoke reproducible ERPs with speech stimuli in CI subjects?
- Are the ERPs that reflect speech processing in CI users comparable with
those of subjects with normal hearing?
- Are there differences in speech perception measured with ERPs and behav-
ioural tests between speech coding strategies?
-  Do ERPs vary depending on which speech coding strategy is used?
- Does long-term electrical stimulation after cochlear implantation affect
ERPs?
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Short outline of the studies of this thesis
The next chapters of this thesis describe experiments that were focused on
data acquisition techniques and methodology (Chapter 3). Two studies were
performed to assess the validity of the evoked cortical recordings in CI users
with a Nucleus 22 CI-system. Event-related potentials were obtained from
children with good and poor performance after CI. Different stimuli were
presented to evoke the P300 potentials (Chapter 4). In a third study on
Nucleus 24 users, two speech contrasts were used to assess behavioural
ability to discriminate between the contrasts and to investigate whether the
measured cortical P300 potentials were strategy-dependent (Chapter 5). In a
fourth study, behavioural speech recognition scores and learning effects were
compared with speech coding strategy as a variable. Further, a disability-based
inventory was used to evaluate each patient’s final subjective preference for a
specific speech coding strategy (Chapter 6). A fifth study addressed the rela-
tion between ERPs and speech recognition. Electrodograms were considered
to visualise the speech contrasts as produced by the individually optimized
speech processors (Chapter 7). In the sixth study, longitudinal measurements
were obtained from adult CI users to investigate the effect of electrical stimu-
lation over time (Chapter 8).
In the last two chapters, data from all studies are addressed and the clinical
application of ERPs is discussed to assess the predictive value of the P300 for
the best speech coding strategy for individual CI users (Chapter 9). The thesis
ends with a general summary and conclusions (Chapter 10).
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CHAPTER 3 
SPEECH-EVOKED CORTICAL POTENTIALS
AND 
SPEECH RECOGNITION 
IN COCHLEAR IMPLANT USERS
Groenen PAP, Beynon AJ, Snik AFM & Van den Broek P
Scandinavian Audiology 2001, 30: 31-40
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Abstract
Processing in the auditory cortex may play a role in the unex-
plained variability in cochlear implant benefit. P300 and N1/P2
were elicited in postlingually deaf cochlear implant users wearing
a Nucleus multichannel cochlear implant. Four sound contrasts
were presented (500 Hz-1000 Hz, /ba/-/da/, /ba/-/pa/, and /i/-
/a/). The N1 and P2 were present in all subjects for all conditions.
Prolonged N1, P2 and P300 latencies were found in the cochlear
implant group compared to a control group of subjects with normal
hearing. Cochlear implant users show smaller amplitudes of N1
for all the speech signals as well as smaller amplitudes of P2 for
the consonants compared to the controls. 
P300 results of the cochlear implant users were compared to
behavioural results of speech recognition testing. A relation was
found between P300 amplitude and magnitude for the 500-1000 Hz
and /i/-/a/ contrasts and behavioural speech recognition in
cochlear implant users. The results suggest that P300 measurements
are useful and have additional value to speech recognition evalu-
ations in cochlear implant users.
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Introduction
One challenge in cochlear implant research is to explain the variability in the
subjects’ results with a cochlear implant. Central auditory processing may
play a role owing to auditory deprivation or an immature auditory system A
major question in this respect is whether and how neurophysiological measures
are related to subjective performance. For understanding of the effects of
electrical stimulation of the inner ear, this cross validation is of importance.
Hypothesizing that proper processing of auditory signals by (sub)cortical
centres is essential, electrophysiological assessment could well be a differential
indicator of subjective performance. It has been suggested that brainstem and
middle-latency responses are only poor indicators of speech recognition,
whereas later potentials are more promising (Makhdoum et al., 1998).
Cortical potentials comprise among others the mismatch negativity and the
P300 response (Kraus et al., 1993). Either response is elicited in an “oddball
paradigm”, in which an unexpected stimulus occurs in a series of expected
stimuli. So, they are measures of the discrimination of stimulus differences.
The (exogenous) mismatch negativity is evoked while the subject is not
attending to the sounds whereas to evoke an (endogenous) P300 response,
the subject actively has to discriminate the different stimuli. The amplitude of
the mismatch negativity is lower than that of the P300 response and some-
times hard to record with certainty in individual cases. For the present study,
the more robust P300 was chosen; nevertheless, mismatch negativity meas-
urements have been conducted successfully in cochlear implant users (Kraus
et al., 1993); however, when moderate performers were included, the degree
of success varied (Ponton & Don, 1995; Groenen et al., 1996).
Processes of attention, auditory discrimination and memory appear to be
involved in the generation of P300. The P300 is thought to represent a cogni-
tive response; it is suggested that the frontal cortex, centro-parietal cortex,
and the auditory cortex contribute to the P300 (Kraus & McGee, 1994).
Measuring cortical event-related potentials seems especially useful when testing
subjects with problems of speech processing. It has been demonstrated that
speech perception problems rarely are of a general nature, but mostly concern
specific speech features (Groenen, 1997). Therefore, to get good insight in
speech processing, one has to study different kinds of sound contrasts. The
P300 involves a technique that allows for evaluating electrophysiological
aspects of central auditory function presenting these different sound feature
contrasts.
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There is an increasing amount of literature on cortical event-related potentials
elicited in subjects with a cochlear implant. Event-related P300 measurements
using tone bursts in subjects with a cochlear implant were performed in several
studies (Kaga et al., 1991; Kileny, 1991; Oviatt & Kileny, 1991; Groenen et al.,
1996). In all studies, significant P300 peaks were found, at least in postlingually
deaf subjects. P300 measurements using speech in successful cochlear
implant users were performed by Micco et al. (1995) and Kileny et al. (1997).
They found only minor differences in P300 amplitude and latency between
the group of cochlear implant users and a group of age-matched subjects with
normal hearing. 
Most of the studies in cochlear implant users mentioned before did not compare
electrophysiologic results to behavioural results of speech recognition.
Therefore, not much is yet known about the relation between latencies and
amplitudes of auditory evoked potentials and speech recognition performance.
However, in three studies it was found that in a poor cochlear implant user,
electrophysiological indices of stimulus discrimination were absent (Jordan
et al., 1997; Micco et al., 1995; Kraus et al, 1995). In addition, Groenen et al.
(1996) found that good cochlear implant performers showed normal P300
latencies, whereas in moderate performers, the P300 latencies were pro-
longed. Although these results are not exclusive, they suggest that electro-
physiological indices are related to cochlear implant benefit.
In the present experiment, P300s were elicited by tone and speech stimuli
in a group of postlingually deaf cochlear implant users. The tone contrast
consisted of pure tones. The speech sound contrasts consisted of a consonant
place-of-articulation contrast (in which the target cue for auditory discrimination
solely was the spectral transient of the second and third formant, the vowel
characteristics where kept alike), a consonant voicing contrast (in which the
target cue for auditory discrimination was of temporal nature), and a vowel
contrast (which was characterised by a speech-like difference in timbre). In
addition to P300 responses, stimulus detection components N1 and P2 were
examined and compared. P300 results of the cochlear implant users were
compared to behavioural results of their speech recognition.
Method
Subjects
Subjects were nine adult postlingually deaf subjects with a Nucleus multi-
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channel cochlear implant and a MSP (mini-speech processor). Audiological
measurements prior to implantation showed total deafness in all cases, which
meant that the hearing thresholds at 500 Hz exceeded 110 dB HL and at 1000,
2000, 4000 and 8000 Hz they exceeded 120 dB HL. In all the subjects, the
electrode array was inserted into the cochlea over its full length. The stimula-
tion mode for all subjects was bipolar +1 (BP+1) with the MPEAK speech pro-
cessing strategy. The subjects were experienced users of the cochlear implant;
they had been using it all day for several years. Prior to the measurements,
the integrity of the implant was checked according to the method described
by Mens et al. (1994). No abnormalities were found. Similarly, the behaviour-
al threshold and comfort levels (C-levels) of all the subjects did not show any
conspicuous discontinuities indicative of device failure. Electrical middle-
latency response measurements were performed. The results are reported in
a previous study (Groenen et al., 1997); it was concluded that all subjects
showed good reproducible traces. 
The control subjects were 10 adults (5 females, 5 males, mean age 28 years,
range 24 to 57 years). They had no history of hearing, speech or language, or
neurological problems. Their hearing thresholds at 250 to 4000 Hz were 15 dB
HL or better for either ear.
Behavioural testing
Several perception tests were administered to cochlear implant users. Follow-up
data up to 2 years post-implantation were collected as part of the evaluation
procedure in the Nijmegen Cochlear Implant programme (Van den Broek,
1995). Perception was assessed by means of the Antwerp-Nijmegen (AN)
auditory test battery (Van den Broek, 1995; Hinderink et al., 1995). A compos-
ite score was obtained, which was the average score for four different tests (a
monosyllable and a spondee identification test, a long-vowel and a short-
vowel recognition test). Averaging occurred after correction for different
chance levels (Hinderink et al., 1995). The composite scores in the cochlear
implant users varied over a wide range from 52 to 100%. 
In Table I the age of onset of the deafness, the duration of deafness, the aetiology
of deafness, and the long-term speech recognition score of each subject is
presented.
Stimuli
Both tone and speech sound contrasts were used. Auditory late (N1/P2) and
cognitive (P300) responses were studied. For the tone contrast, a 500 Hz tone
burst (20 ms linear rise and fall time, 80 ms plateau time) was used as the
standard stimulus, whereas a 1000 Hz tone burst (with the same envelop)
was used as the deviant stimulus. These stimuli were generated by the
Interactive Laboratory System V6.1. 
Three speech sound contrasts were constructed. The Computerised Speech
Lab (CSL Model 4300, V5.05) was used for editing sound signals. The LPC
Parameter Manipulation/Synthesis Program (ASL Model 4304, V1) was used
for manipulating and resynthesizing the spectral structure of the signal.
Firstly, a place-of-articulation contrast /ba/-/da/ was constructed, which
was a contrast determined by spectral cues. A natural adult male voice
formed the base of the speech tokens. By manipulation of the linear predictive
coding (LPC) parameters and resynthesis of the result, the two syllables were
constructed. A pitch-asynchronous autocorrelation method (pre-emphasis
factor: 0.95; Hamming window; frame length: 150 points; filter order: 12) was
used; see Markel & Gray (1976) for details on LPC analysis and synthesis.
The two speech tokens differed from one another in the starting value and
slope of the transitions of the second and third formant. For /ba/, F2 and F3
started at 1000 and 2150 Hz, respectively. For /da/, F2 and F3 started at 1500
and 3150 Hz, respectively. F1 started at 400 Hz. The transition of the first formant
was 30 ms in duration. The transitions of the second and third formants
were 45 ms in duration. All transitions were linear. The final 64 ms of the
vowel consisted of steady-state formants appropriate for the Dutch vowel
/a/ with centre frequencies at 750 Hz (F1), 1150 Hz (F2), and 2500 Hz (F3).
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Table I. Subject characteristics
1 Duration of deafness is the difference in years between the onset of deafness and cochlear implantation
2 A composite score for speech recognition was obtained, which was the average score for a monosyl-
lable and a spondee identification test, a long-vowel and a short vowel recognition test 
Subject Age at onset Duration Aetiology Recognition
(Yrs) (Yrs) 1 score (%) 2
S1 12 5 unknown 78
S2 61 2 trauma 65
S3 6 22 unknown 90
S4 7 44 meningitis 52
S5 49 2 unknown 100
S6 15 3 meningitis 60
S7 26 6 hereditary 63
S8 60 8 hereditary 60
S9 26 36 unknown 91
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The sampled data were resynthesized with a pitch-asynchronous synthesis
procedure. The total length of each stimulus was 175 ms. 
Secondly, a voicing contrast /ba/-/pa/ was constructed. This contrast is
determined by temporal cues. The major acoustic cue carrying voicing infor-
mation in Dutch is the beginning of the voice or ‘voice-onset time’ (VOT) (20).
In comparison to the English voicing distinction, the Dutch voicing distinction
is differently distributed along the VOT dimension. Whereas the voicing of the
English consonants cover the time range between 0 ms and +100 ms, Dutch stop
category values fall into a range between -100 ms and +10 ms (20). The speech
token /ba/ of the place-of-articulation contrast was taken for constructing
the voicing contrast. The initial consonant of the /ba/ token was given a 46
ms voice lead. To create a voice-lagged /pa/, the voice lead was removed
and a 12 ms silent interval was inserted after the burst of the initial consonant.
The total duration of /ba/ was 163 ms, the total duration of /pa/ was 129 ms.
Thirdly, a vowel contrast /i/-/a/ was generated. This contrast was deter-
mined by formant frequencies of the first, second, and to a lesser extent the
third formant. A natural adult male voice formed the base of the speech token
/i/. A similar procedure to that in generating the place-of-articulation contrast
was followed. The spectral structure of the steady-state formant frequencies
was manipulated. The two speech tokens differed from one another in the
centre frequencies of the first, second and third formant. For /i/, F1, F2 and
F3 was set to 255, 1980, and 2950 Hz, respectively. For /a/, F1, F2 and F3 was
set to 750, 1315, and 2525 Hz, respectively. The total length of each stimulus
was 150 ms. 
Stimulus phonetic quality was checked by having 10 adults label 10 repetitions
of each of the speech sound stimuli presented in random order. The percentages
correct identifications were above 97% for all speech stimuli. Stimulus pho-
netic quality was also checked in a group of five successful cochlear implant
users. The percentages correct identifications were above 72% for all speech
stimuli. These results suggest that phonetic processing of the stimuli is an
adequate choice of spectral and temporal manipulations.
In Figure 1, oscillograms and spectrograms displaying the sound contrasts
are presented.
Procedure
The measurements were performed in a double-walled soundproof room
with low reverberation. All stimuli were acoustically presented by a loud-
speaker placed 1 m in front of the subject. The standard stimuli occurred at
a probability rate of 85%; the deviant stimuli occurred at a probability rate of 
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Figure 1. Oscillograms and spectrograms displaying the sound contrasts. The waveforms of the tone
stimuli do not reflect the actual frequency and merely function to visualise the envelope and the
difference in frequency between 500 and 1000 Hz. Standard stimuli are a 500 Hz toneburst, the vowel
/i/ and the consonant /ba/; deviant stimuli are a 1 kHz toneburst, the vowel /a/ and the consonants
/da/ and /pa/
15%. The presentation level at the position of the subjects’ ears or cochlear
implant microphone was 70 dB(A) (measured with Bruel and Kjaer 2203 sound
level meter). Recording electrodes were always placed on the right mastoid (M2,
reference) for the subjects with normal hearing, on the contralateral mastoid
(Mc, reference) for the cochlear implant users to reduce artefacts, and for both
types of subjects on the forehead midline (Fz, active) and on the wrist
(ground). A computer was used for stimulus presentation and to trigger an
evoked potential registration system (Medelec ER94). The system was set for a
1000 ms analysis time with the EEG filtered from 1 to 125 Hz. Measurements
showing artefacts caused by eye movements were excluded from the average.
The recordings of two standard stimuli following a deviant stimulus were not
included in the average. Afterwards, the recordings were zero phase-shift
low-pass filtered digitally off-line, with a cut-off frequency of 25 Hz. The inter-
stimulus interval was set at 2s. 
The subjects were tested in one session. For each sound contrast, evoked
potentials were measured from 2 blocks of the stimuli. Each block comprised
presentation of first 20 standard stimuli, followed by 30 deviant stimuli pseudo-
randomly embedded in about 170 standard stimuli. Between two deviant
stimuli at least three standard stimuli were presented. The subjects had their
eyes closed during recording and were instructed to count the deviant stimuli.
The number of counted deviants was noted.
All subjects started with the tone contrast condition followed by the three
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speech sound conditions. The order in which the speech sound conditions
were presented was varied across subjects.
Data analysis
For each subject, individual subaverages of the blocks were computed. The
P300 is, by definition, elicited only by the deviant stimulus. Therefore, difference
waves were computed for each block by subtracting the averaged response to
the deviant stimuli from the averaged response to the standard stimuli. The
detection components, N1 and P2 were identified visually as a negativity or
positivity, respectively, in the trace of the standard stimulus, in the 50-250 ms
region after stimulus onset. A peak was considered as a significant peak
whenever either its amplitude exceeded 2.5 times the standard deviation of
the noise as calculated from the 200 ms pre-stimulus recording, or if the
amplitude relative to that of the immediately preceding or following peak
with opposite polarity exceeded 5 times that standard deviation. The P300
was identified as positivity in the difference wave in the 200-800 ms region after
stimulus onset. A P300 peak was considered as a significant peak whenever its
amplitude exceeded 2.5 times the standard deviation of the noise as calculated
from the 200 ms pre-stimulus recording.
Several measures of the P300 waveform were established: (1) peak latency,
the latency at maximum positivity of the P300 response; (2) amplitude at peak
latency; (3) P300 magnitude (the area under the P300) determined by P300
duration times P300 amplitude (P300 duration was measured as the time
between consecutive zero-crossings). In addition to individual determination
of P300 measures, overall P300 measures were computed on the grand average
across all subjects. 
Results
Firstly, results of group grand averages will be presented. Reproducible P300
peaks were found in all control subjects for all sound contrasts. In Figure 2,
the grand averages are presented for the control subjects. 
The amplitude of the P300 was the highest for the 500-1000 Hz sound con-
trast. The amplitude of the P300 for the voicing contrast /ba/-/pa/ was the
lowest among the four sound contrasts.
In Figure 3, grand averages are presented for the cochlear implant users. A
reproducible P300 peak was found for all nine patients for the 500-1000 Hz
contrast and for the /i/-/a/ vowel contrast. Although the P300 was not
recognisable in the grand average waveforms for either /ba/-/da/ and /ba/-
Figure 2. Grand averages for the subjects with normal hearing for the four sound contrasts. The vertex-
positivity (Fz) relative to the reference electrode is plotted as an upward deflection in this and the
following figures. Standard and deviant stimuli in accordance with Figure 1 
Figure 3. Grand averages for the cochlear implant users for the four sound contrasts
/pa/, P300 peaks were found for eight subjects on the /ba/-/da/ contrast
and for four subjects on the /ba/-/pa/ contrast. This will be elucidated in the
discussion.
Difference waveforms for both the normal and the experimental groups are
presented in Figure 4. The cochlear implant group showed prolonged average
latency with smaller amplitudes for both the 500-1000 Hz and the /i/-/a/
condition. There were no distinct peaks in the grand average difference
waveforms of the cochlear implant group for the consonant speech contrasts. 
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Figure 4. Difference waveforms for both the control and the cochlear implant group. The upper tracing
represents the wave of the cochlear implant group. The lower tracing represents the average wave of
the control group
Next, individual averages were compared with regard to auditory late
responses (N1/P2) and the cognitive response (P300). T-tests were performed
to test for differences between means of the cochlear implant group and the
control group. The t-statistic was computed taking into account the equality
or inequality of variances (Freund & Little, 1981). Under the assumption of
unequal variances, the approximation of the degrees of freedom was computed
using the formula of Satterthwaite (1946). 
In Figure 5, the latencies and amplitudes of N1, P2 and P300 are presented for
both the cochlear implant group and the control group. There were significant
differences in N1 latency between the two groups. Prolonged latencies were
found for peak N1 for the cochlear implant users for all conditions (500-1000
Hz, t(17) = 4.51, p = 0.0003; /ba/-/da/, t(9.6) = 3.55, p = 0.006; /i/-/a/, t(9.9)
= 3.96, p = 0.003; /ba/-/pa/, t(9.0) = 2.73, p = 0.02). Amplitudes were smaller
compared to the control group for the speech sound conditions (/ba/-/da/,
t(17) = 2.19, p = 0.04; /i/-/a/, t(17) = 3.02, p = 0.008; /ba/-/pa/, t(17) = 2.75,
p = 0.01). The cochlear implant users showed a high amount of interindividual
variation in latency values for the speech sound conditions. For all speech
conditions in the cochlear implant group, the latency variation across subjects
was larger compared to that in the control group (/ba/-/da/, F(8,9) = 9.01, p
= 0.003; /i/-/a/, F(8,9) = 7.44, p = 0.007; /ba/-/pa/, F(8,9) = 13.83, p = 0.001).
For P2, the picture was somewhat less consistent. Cochlear implant users 
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Figure 5. Latencies and amplitudes for N1, P2 and P300 for both the cochlear implant group and the
control group. Latencies and amplitudes for N1 and P2 were taken from the average trace of the stan-
dard signal
showed prolonged latencies for peak P2 for all but the /ba/-/da/ condition 
(500-1000 Hz, t(17) = 3.01, p = 0.008; /i/-/a/, t(11.3) = 2.26, p = 0.04; /ba/-
/pa/, t(10.7) = 2.77, p = 0.02). In addition, cochlear implant users showed
smaller amplitudes of peak P2 for the consonants (/ba/-/da/, t(17) = 3.53, p
= 0.003; /ba/-/pa/, t(17) = 3.22, p = 0.005). For the speech sounds, the
amount of interindividual variation in latency values for the cochlear implant
group was higher than that for the control group (/ba/-/da/, F(8,9) = 21.40,
p = 0.0001; /i/-/a/, F(8,9) = 4.25, p = 0.04; /ba/-/pa/, F(8,9) = 5.33, p = 0.02).
In the cochlear implant group, the P300 peak could not readily be identified
in the grand average waveforms of /ba/-/da/ and /ba/-/pa/. However, on
an individual level, P300 peaks were found for eight out of nine cochlear
implant users for the /ba/-/da/ contrast, and for four out of nine for the
/ba/-/pa/ contrast. Prolonged latencies were found for peak P300 for the
cochlear implant users for all conditions (500-1000 Hz, t(8.9) = 6.32, p =
0.0001; /ba/-/da/, t(7.3) = 2.42, p = 0.03; /i/-/a/, t(10.6) = 2.95, p = 0.01;
/ba/-/pa/, t(3.0) = 3.68, p = 0.003). In addition, cochlear implant users
showed smaller amplitudes for the /ba/-/da/ contrast (t(16) = 2.17, p = 0.05).
Furthermore, for all conditions in the cochlear implant group, the latency
variation was much larger than that in the control group (500-1000 Hz, F(8,9)
= 15.42, p = 0.0004; /ba/-/da/, F(7,9) = 39.79, p = 0.0000; /i/-/a/, F(8,9) =
5.48, p = 0.02; /ba/-/pa/, F(3,9) = 50.91, p = 0.0000).
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P300 results were compared to the patient’s speech recognition performance.
Three measures of P300 waveform were extracted: 1) latency, 2) amplitude,
and 3) magnitude. In Table II, P300 latency, amplitude and magnitude are
compared to speech recognition. 
Table II. Pearson’s product-moment correlation coefficients of the P300 measures and speech recognition
of the cochlear implant users for the four conditions; * = p<.05,  ** = p<.01, NS = no significant correlation
If P300 latency is related to subjective performance, then significant negative
correlation values can be expected, implying that the longer the latency, the
lower the score in speech recognition. This was not found. P300 latency did
not link up with speech recognition in any of the four conditions. If P300
amplitude is related to speech recognition, then significant positive correlation
values can be expected, implying that the higher the amplitude, the higher
the score in speech recognition. Significant correlations were found between
P300 amplitude and speech recognition for both the 500-1000 Hz and the /i/-
/a/ condition (r = 0.75, p = 0.02; r = 0.82, p = 0.007, respectively). Significant
positive correlation values can be expected if there is a relation between P300
magnitude and speech recognition, implying that the higher the magnitude,
the higher the score in speech recognition. Comparable to P300 amplitude,
this was found for either the 500-1000 Hz and the /i/-/a/ condition (r = 0.79,
p = 0.01; r = 0.81, p = 0.008, respectively) but not for the consonant contrasts. 
Discussion
Four different pairs of sound contrast were applied to evoke cortical responses.
The contrasts comprised a tonal contrast, a vowel contrast and two consonant
contrasts, viz. one contrast with temporal changes and one with spectral
changes. In a control group of normal hearing subjects, the highest P300 ampli-
tudes and lowest latencies - both indicative for good sound discrimination
(Duncan-Johnson C & Donchin E, 1982; Polich et al., 1985) - were found for
Condition Latency Amplitude Magnitude
500 Hz-1000 Hz NS .75 * .79 *
/i/-/a/ NS .82 ** .81 **
/ba/-/da/ NS NS NS
/ba/-/pa/ NS NS NS
P300 measure
the tonal contrast. The poorest values were found for the two consonant
contrasts, see Figures 2 and 5. This suggests that the consonant contrasts were
more difficult to discriminate than the tonal and vowel contrasts. The earlier
P2 peak showed a similar trend but to a lesser degree (see Figures 2 and 5). 
There were prolonged N1, P2 and P300 latencies in the cochlear implant
group compared to the controls. The amplitude of N1 was smaller for the
speech signals. The amplitude of P2 was smaller for the consonants than
found in the controls, see Figure 5. In addition, the cochlear implant group
showed a wider spread of N1 and P2 latencies for the speech signals and a
wider spread of P300 latencies for all signals. Five of the nine cochlear
implant users had no detectable P300 for the /ba/-/pa/ contrast. According
to the counted number of deviant stimuli, all the cochlear implant users
who had no identifiable P300 had problems to identify the deviant. All this
suggests that the implant users found it more difficult to discriminate the
sound contrasts than the controls. In agreement with the results of the controls,
the poorest P300 values were obtained with the consonant contrasts.
It should be mentioned that all the recordings of CI users that did not show
an identifiable P300 for a certain condition did show reproducible peaks
N1 and P2 indicating that the sounds were heard, however, obviously, not
discriminated. 
Micco et al. (1995) and Kileny et al. (1997) also studied cortical responses in
cochlear implant users using a vowel contrast. They found obvious P300
peaks in all of their subjects and this is in accordance with the present results.
An important finding was that the use of group grand averages of waveforms
was not meaningful. No obvious P300 response was found in the group
grand average of the /ba/-/da/ contrast for the cochlear implant group,
whereas in the individual averages eight out of nine subjects showed a P300
response, see Figure 3. The wide range of latency values had a huge smoothing
effect on the group grand average, resulting in a more or less flat line. This
obviously questions the use of the group grand average in any study with
experimental cases like the present cochlear implant users. It recommends the
use of parametrical extraction of individual values of peak amplitudes and
latencies.
A relation was found between individual P300 measures taken from the
measurements with the tonal and vowel contrasts on the one hand and
behavioural speech recognition on the other in the cochlear implant users.
The poorer cochlear implant performers demonstrated smaller P300 ampli-
tudes and magnitudes than the better performers. No relation was found
between speech recognition and P300 latencies (see Table II).
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In addition, no relation was found between speech recognition and P300
measures taken from the measurements with consonant contrasts. The
observation that the consonant contrasts were more difficult to discriminate
than the other contrasts, even for the controls, may have played a role. Poor
discriminability might have a major effect on P300 amplitude and thus the
sensitivity of the measurement. This suggests that recording conditions
should be different for the two consonant contrasts (e.g. more averages).
The P300 seems to reflect behavioural speech discrimination ability.
However, one should be cautious with the choice of sound contrasts. In the
present study, only the 500-1000 Hz and the /i/-/a/ condition showed a rela-
tion between P300 measures and speech recognition. From studies on the
mismatch negativity, it is known that between and within tonal and complex
stimuli, the combination of optimal parameters seems not to be uniform
(Kraus et al., 1995). This means that the conclusions and suggestions derived
from results of experiments using one type of stimuli, cannot a priori been
generalised to experiments using another type of stimuli. Although the P300
reflects processing mechanisms of higher order than those involved in the
mismatch negativity - used in the Kraus et al. study (1995) - assessing the benefit
of cochlear implantation by measuring event-related potentials might depend on
the type of stimulus contrasts that are used. With this in mind and considering
the present results, it is not yet possible to draw conclusions on the best set of
speech contrasts to study cortical potentials in cochlear implant users.
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Abstract
Endogenous P300 and exogenous slow vertex potentials were
obtained with tone and speech stimuli in a group of five children
using a cochlear implant (CI) with poor speech recognition (group
A) and compared with those from another group of five children
using a CI with good speech recognition (group B). The responses
were also compared to those of children with normal hearing (n =
14) and a group of adult CI users (n = 9). N1 and P2 latencies of
CI group A and group B were prolonged compared to those of
normally-hearing children. In group A, P300 was present when
contrasts with tone stimuli were used. When speech stimuli were
used, P300 potentials were absent or delayed. P300 potentials
obtained in group B were no different from those obtained in
normally-hearing children. It is suggested that the poor results
evoked with speech stimuli in contrast to those evoked with pure-
tone stimuli in group A are due to the immaturity of (sub)cortical
generators associated with acoustical and phonetic processing. In
contrast to the children in group B, all children in group A suf-
fered from congenital deafness. 
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Introduction
During the past decade, several studies have been published on cortical
evoked potential measurements in adult cochlear implant (CI) users (Oviatt &
Kileny, 1991; Kraus et al., 1993; Micco et al., 1995; Groenen et al., 1996; Wable
et al., 2000) and in children (Kileny, 1991; Ponton et al, 2000). One reason for
doing these measurements is to study variability between different groups of
CI users. Impaired central auditory processing may affect the results, owing
to damage to the auditory neural system (e.g. in the case of post-meningitic
deafness), auditory deprivation, or immaturity of the auditory neural system
(e.g. in cases with congenital or early-onset deafness). Auditory processing
can be studied with electrophysiological measurements. Based on the
hypothesis that proper processing of signals by (sub)cortical areas is essential,
electrophysiological assessment might be a differential indicator of subjective
performance. So far, cortical responses have mainly been studied in successful
CI users. Good, reproducible results have been reported, with no or only
minor differences compared to subjects with normal hearing. In less successful
CI users, data are anecdotal (Kraus et al., 1993; Micco et al., 1995; Kileny,
1991; Kraus & McGee, 1994) and are described less extensively than data
obtained from successful users.
To study auditory neural processing on a cortical level, the mismatch negativity
measurement and the P300 response have been used (Oviatt & Kileny, 1991;
Kraus & McGee, 1994). These potentials are elicited in an 'oddball paradigm',
in which an unexpected stimulus occurs in a series of expected stimuli. The
amplitude of the P300 response is much more robust than that of mismatch
negativity. The latter is often difficult to determine in individual CI users
(Kraus & McGee, 1994; Groenen et al., 2001) and can be obscure even in
subjects with normal hearing (Dalebout & Fox, 2001). Thus, it can be expected
that P300 measurements will more readily lead to reproducible responses
than the mismatch negativity measurement.
In addition, mismatch negativity is an exogenous response, based on acoustical
discrimination. Mismatch negativity does not seem to be based on phonetic pro-
cessing of stimuli, but rather on acoustical processing (Sharma et al., 1993). In
contrast, P300 is an endogenous cortical response, based on active acoustical
and/or phonetic discrimination. This suggests that P300 will be more inform-
ative, especially if cortical potentials are measured with speech stimuli as a
means to evaluate speech perception.
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Recently, we have identified subjects who derive limited benefit from their
CIs according to the results of speech recognition tests, but have relatively
good CI tonal hearing thresholds (i.e. within the 'normal' range for CI users)
and good scores on discrimination tests using environmental sounds. This
concerned congenitally deaf subjects, implanted at a 'relatively advanced'
age, i.e. between 7 and 13 years (Snik et al., 1997a). Their speech recognition
scores improved during the first years after implantation, but then stabilized
at relatively poor or moderate levels; that is, open-set word recognition scores
were less than 40%. Five of the patients who participated in that study were
invited for further analysis with electrophysiological measurements.
P300 responses were studied using speech and non-speech contrast stimuli.
With speech contrasts, discrimination might be based on acoustical differences
and/or differences in the perceived phonetic representation of the stimuli. In
the present study, we tried to answer the question of whether the differences in
speech recognition scores were reflected in the quality of the auditory evoked
cortical potentials.
For reference purposes, the same experiments were performed on five children
with CIs with good open-set speech recognition (word scores of more than
65%), and 14 normally-hearing children. Results were also compared to data
from a comparable previous study in adults (Groenen et al., 2001).
Materials and methods
Subjects
Out of a group of 15 successively implanted children, 10 were invited for the
measurements: five deaf children with poor (aided) speech recognition
scores (group A: word recognition scores of 40% or less), and five children
with relatively good speech recognition scores (group B: word recognition
scores of more than 65%). Age at implantation was 5 years or more, and all
children were experienced CI users; that is, they had been using their CIs all
day for at least 2 years. Age at testing and duration of CI use of the children
in group B were in the same range as those of the 5 congenitally deaf children
in group A. Some characteristics of both groups are presented in Table I.
The unaided thresholds in all the 10 CI users exceeded 100 dB HL at 500 Hz
and were around 110 dB HL at 1000, 2000, 4000 and 8000 Hz. All subjects
were using a Nucleus multichannel implant with MSP processor and the
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MPEAK speech-processing strategy. The stimulation mode was 'common
ground'. Age at testing was 9 years or older.
The control group comprised a group of 14 normally-hearing children randomly
selected on the basis of their age (between 9 and 16 years, so in the same age
range as the children with CIs). These control children had no history of hearing,
speech, language or neurological problems. Hearing thresholds at 250-8000 Hz
were 15 dB HL or less in both ears.
Materials
Tone and speech sound contrasts were used. Auditory late (N1/P2) and
cognitive (P300) responses were elicited using an oddball paradigm. In the
tone contrast test, a 500-Hz tone-burst (20-ms linear rise and fall time, 80-ms
plateau time) was used as the standard stimulus, while a 1000-Hz tone-
burst with the same envelope was used as a deviant stimulus. For the
speech contrast stimuli, two speech sound contrasts were constructed. The
Computerized Speech Lab (CSL Model 4300, V5.05) was used to edit the
sound signals. The construction of these contrasts has been described in detail
elsewhere (Groenen et al., 2001). In brief, a place-of-articulation contrast /ba/-
/da/ was first constructed. The two speech tokens had different starting val-
ues and slopes at the transitions of the second and third formants. Second, a
vowel contrast /i/-/a/ was used. This contrast was determined by formant
frequencies of the first, second and, to a lesser extent, third formants.
The speech perception abilities of CI users are tested on a regular basis (yearly)
Table I. Time and age characteristics (years; months) of the CI users of group A (patient #1 to #5) and
group B (patient #6 to #10)
Age at onset Age at Years
of deafness implantation of CI use
#1 0 11;9 3;5
#2 0 11;1 3;5
CI group A #3 0 8;2 2;7
#4 0 7;9 2;4
#5 0 7;2 2;7
#6 2;7 6;4 3;6
#7 2;9 5;3 4;0
CI group B #8 3;1 6;9 3;0
#9 3;2 10;9 3;3
#10 6;8 12;5 4;2
and the tests were not repeated specifically for this study. Speech perception
is assessed with a test battery that comprises tests varying from basal speech
perception tests up to open speech recognition tests, as described elsewhere
(Snik et al., 1997b).
For the present analysis, the results of a sound identification task (10 different
environmental sounds with picture identification), a vowel discrimination test
(12 different vowel-consonant-vowel pairs) and an open-set word recognition
test (20 monosyllables) were used. The presented scores are interpolated
scores from the evaluation moment preceding the P300 experiment and the
evaluation moment following the experiment.
In addition, aided soundfield thresholds at 0.5, 1, 2 and 4 kHz were available.
The free field was calibrated in dB(A) according to the method of Beynon &
Munro (1993). The scores on the three tests and aided thresholds of group A
and group B are presented in Table II.
It should be noted that the 95% significance level for the sound identification
test is 30%, while that for the vowel discrimination test is 75%.
Method
A loudspeaker placed 1 m in front of the subject presented the acoustical
stimuli (stimulation rate: 0.5 Hz). The standard stimuli occurred at a proba-
bility rate of 85%; the deviant stimuli occurred at a probability rate of 15%.
The presentation level at the position of the subject's ear or CI microphone
was 70 dB(A). Recording electrodes were always placed on the right mastoid
(M2, reference) of the subjects with normal hearing, but were placed on the
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Table II. Average auditory test results and range in group A and group B. Note. PTA = pure tone aver-
aged threshold at 0.5, 1, 2 and 4 kHz, expressed in dB(A)
oup CI group B
= 5 (n = 5)
CI gr  A
(n )
mean range mean range
Aided PTA [dB] * 41 36 - 45 42 37 - 45
Sound identification [%] 77 70 - 95 78 70 - 100
Vowel discrimination [%] 89 80 - 100 97 92 - 100
Open set word score [%] 20 8 - 40 76 65 - 90
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contralateral mastoid (Mc, reference) of the CI users to reduce CI artefacts;
for both types of subjects an electrode was placed on the forehead (Fz, active)
and one on the wrist (ground). A computer was used to present the stimuli
and also triggered a Medelec ER94 evoked potential registration system
(analysis time 1000 ms; EEG on-line filtering from 1 to 125 Hz; artefact rejection
active). Afterwards, the recordings were zero phase-shift low-pass filtered
digitally, with a cut-off frequency of 25 Hz.
A practice run was performed with each of the three sound contrasts before
the actual testing started. For each sound contrast, evoked potentials were
measured from two blocks of the stimuli (test and retest measurement). Each
block comprised 30 deviant stimuli embedded in 170 standard stimuli.
Subjects had their eyes closed during recording and were instructed to count
the deviant stimuli. A more detailed description of the method and recording
parameters used has been published by Groenen et al. (2001). The subjects
were tested in one session with a short break after every second run to keep
their attention sharp.
Individual averages of the blocks were computed for each subject. Therefore,
difference waves were computed for each block by subtracting the average
response to the deviant stimuli from the average response to the standard
stimuli. The P300 was identified visually as a positive peak in the difference
wave in the 300-750-ms region after stimulus onset. Only reproducible peaks
were considered (each measurement was duplicated). Similarly, the early
components N1 and P2 were identified in the average wave of the frequent
stimulus in the 80-300-ms region after stimulus onset.
Statistics
Latency and amplitude values of the subjects in the different subgroups were
compared using the Wilcoxon rank sum test (tested at the 5% level, two-
tailed).
Results
Peak latencies
Table III presents median P300 latencies and ranges for all the subgroups on
the three sound contrast tests.
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Results from a previous study on nine postlingually deaf adult CI users tested
under exactly the same experimental conditions have also been added.
Table III shows that the results for the group B, the group of normally-hearing
children and the adult CI users from the previous study were comparable,
while those for group A were poorer (longer latencies) even on the tone (non-
speech) contrast test. As the two CI groups (group B and the adult CI users)
had comparable results (W = 0.20; p < 0.01), their data were pooled and
added as a 'combined' CI control group; see Table III, bottom line ('combined
CI control').
The children in group A had significantly longer latencies on the tone contrast
test than the control group with normal hearing and the combined CI control
group (in both cases p < 0.01).
Only two children in group A showed reproducible P300 results on the
speech contrast tests. Their latencies were relatively long.
Figure 1 shows typical tone, vowel and consonant contrast recordings from a
subject (#1) in group A. Average responses to the standard and deviant stimuli
(averages of test and retest runs) as well as the calculated difference traces are
presented. Positivity is observed on the difference trace around 300 ms and,
much later, around 600 ms. The early positivity is remarkable. However, the
P2 peak occurred at this latency, which suggests that the early positivity is
associated with P2 morphology, so that the later positivity was defined as the
(prolonged) P300. Comparable pronounced early positivities were found in
four of the five subjects from group A and in two of the five control group
children, who were successful CI users. Such striking positivities in this
region were not found in the control children with normal hearing.
In addition to P300 latencies, N1 and P2 latencies were derived from the average
trace of the frequent stimulus. As the Wilcoxon rank sum test did not show
any significant differences between the data from the successful children and
adult CI users, as were reported above for the P300 latency (p < 0.01), again
their data were pooled. Table IV shows the latencies of peak N1. 
The N1 latencies in the tone and consonant contrast tests were fairly similar in
group A and the combined CI control group. However, the N1 vowel contrast
latency was significantly prolonged in group A (W = 2.08; p < 0.05). The laten-
cies of the control group of children with normal hearing were significantly
shorter than those of the combined CI control group and group A in all the
contrast tests (p < 0.01). In accordance with the N1 results, P2 latencies were
the shortest in the control group of children with normal hearing.
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G
roup
N
1 latency [m
s]
n
tone contrast
vow
el contrast
consonant contrast
G
roup A
5
130 (120-150)
170 (140-200)
175 (160-180)*
C
om
bined C
I control**
14
125 (100-175)
140 (100-170)
160 (90-215)
N
H
 control children
14
106 (95-120)
115 (100-230)
108 (90-240)
P2 latency [m
s]
tone contrast
vow
el contrast
consonant contrast
G
roup A
5
230 (210-250)
240 (220-270)
250 (200-270)
C
om
bined C
I control**
14
190 (160-250)
220 (185-250)
230 (185-295)
N
H
 control children
14
170 (135-210)
195 (140-300)
180 (145-300)
Table IV
. M
edian latencies (in m
s) of peaks N
1 and P2 and their range betw
een brackets. 
N
ote. * n = 4; ** C
om
bined C
I control group of children and adults
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Statistical analysis showed that the children with normal hearing had sig-
nificantly shorter latencies (p < 0.05) in all the experiments except for the
consonant contrast test. When the combined control group was compared
to group A, the only significant difference was a prolonged P2 on the tone
contrast test in group A.
Peak amplitudes
Table V shows the amplitudes of peaks N1, P2 and P300. A considerable
spread was found, even within groups, but there were only few statistically
significant differences. N1 peak amplitudes on the consonant contrast test in
the control group with normal hearing were significantly smaller than those
in the combined CI control group (W = 2.00, p < 0.05), but this was not the
case in comparison with group A. P2 amplitude in the vowel contrast test was
significantly larger in group A than in the controls with normal hearing and
in the combined CI controls (p < 0.05). No other differences were statistically
significant.
Discussion
Slow vertex potentials N1 and P2 were present in the recordings of all our
subjects, and also in the recordings of those in group A. This indicates that the
sound stimuli were well perceived and processed up to the cortical level. In
general, N1 and P2 latencies in group A and the combined CI control group
were prolonged compared to controls with normal hearing. Other studies
reported only minor differences in N1 and P2 morphology between CI users
and controls with normal hearing (Kileny, 1991; Micco et al., 1995). At present,
we have no explanation for the difference between our results and those
reported in the literature.
When group A was compared to the combined CI control group, only minor
differences were found between the N1 and P2 latencies, which indicates
that these measures are not useful to differentiate between successful and
less successful CI users.
No statistically significant differences in P300 latency were found between
the children with normal hearing and the combined CI control group on any
of the contrast tests. However, the subjects in group A showed either delayed
P300 peaks or no reproducible P300 peaks. The best P300 peaks in group A
were found in the tone contrast test, although, on average, they were delayed
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Peak
G
roup
Peak am
plitude [m
icroV]
n
tone contrast
vow
el contrast
consonant contrast
N
1
G
roup A
5
4.5 (4.0-5.0)
5.0 (4.0-8.0)
4.0 (3.0-5.0)
N
H
 control children
14
5.2 (1.4-8.0)
5.3 (0.9-10)
2.7 (0.3-10.5)
C
om
bined C
I control
14
4.0 (0.3-6.3)
5.3 (3.0-7.0)
5.5 (3.0-8.0)
P2
G
roup A
5
4.0 (2.5-6.0)
5.0 (3.0-6.3)
2.5 (1.0-3.0)
N
H
 control children
14
3.0 (0.4-5.4)
1.9 (0.3-14.5)
3.4 (0.3-5.7)
C
om
bined C
I control
14
7.0 (1.0-9.7)
2.0 (0.7-6.0)
1.6 (0.7-6.7)
P300
G
roup A
5
6.0 (3.0-10)
*
*
N
H
 control children
14
7.6 (3.0-18)
6.8 (4.5-17.3)
5.1 (2.3-15.7)
C
om
bined C
I control
14
6.5 (4.0-20)
7.0 (3.0-19)
4.0 (2.7-7.0)
Table V
. M
edian am
plitudes (in m
icrovolt) and their range betw
een brackets of the N
1, P2 and P300 peaks. N
ote. * n = 2, no m
edian calculated
by 150 ms compared to the children with normal hearing and the CI control
group. It is known that P300 latencies become more prolonged when perceptual
evaluation of contrasts becomes more difficult (Donchin & Coles, 1988).
Apparently, the CI users in group A had more difficulty in discriminating the
tone contrast than the children with normal hearing and the CI control group.
One possible explanation is a lack of maturity of the central auditory pathway
in group A, i.e. congenitally deaf subjects, implanted at a relatively advanced
age.
Figure 1 shows the results for one subject of the group A subjects. Subject 1,
with poor speech perception (10% correct on the open-set speech recognition
test), had a P300 in all three sound contrast tests (see Figure 1 for the tone
and consonant contrasts). Remarkably, this subject had the highest score on
the environmental sound identification test and even outperformed four of
the five children with CIs who were successful CI users (group B). This indicates
that, on an acoustical level, his discrimination abilities were above average. It
can be suggested that his remarkable P300 peaks for speech contrast were
based on his excellent acoustical discrimination abilities. This subject was
almost 12 years old at the time of cochlear implantation. This might be too old
to learn to process sounds such that they can be recognized as speech,
although acoustical discrimination is good.
Table V presents the amplitudes of the three peaks. A large spread was found,
even within subgroups. Statistical analysis revealed only a few significant
differences; the large spread in amplitude may have played a role.
Remarkably, the differences, whenever significant, were in favour of the CI
users.
Surprisingly, a large spread in P300 results was found even within the group
of subjects with normal hearing (Tables III and V). This might be partly
explained by auditory maturation effects or the electro-anatomy. It is known
that maturation still occurs during adolescence (Ruchkin et al., 1990).
Although P300 recordings seem to be sensitive in identifying good and poor
CI performers, the responses from the subject shown in Figure 1 suggest poor
specificity for speech discrimination. This questions the use of P300 measure-
ments to quantify individual cortical sound processing in absolute terms in
this age range of CI users.
However, in contrast to previous findings with mismatch negativity recordings,
where phonetic processing seems to play no role in evoking a mismatch neg-
ativity (Sharma et al., 1993), the results from the present P300 study are in
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agreement with the hypothesis that the endogenous P300 is likely to be the
resultant of different brain activities responsible for the acoustical and/or
phonetic discrimination.
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EVENT-RELATED POTENTIALS 
IN COCHLEAR IMPLANT USERS 
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Abstract
Cortical potentials evoked with speech stimuli were investigated
in 10 experienced cochlear implant (CI, type Nucleus 24M) users
using three different speech coding strategies and two different
speech contrasts, one vowel (/i/-/a/) and one consonant (/ba/-
/da/) contrast. On average, results showed that, compared to
subjects with normal hearing, P300 amplitudes were smaller;
however, most latencies were within the normal range. Next,
individual P300 measures in response to the two speech contrasts
were compared to behavioural discrimination scores. Significant
within-subject differences in P300 amplitudes and latencies were
found for the three speech coding strategies. These differences
were in agreement with the behavioural, strategy-dependent
discrimination of the speech contrasts.
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Introduction
Auditory processing of electrical stimuli in cochlear implant (CI) users can be
studied by electrophysiological measurements. Several groups have studied
evoked potentials in CI users at various neural levels, ranging from the
peripheral part of the auditory system (using neural response telemetry
(Abbas et al., 1999), or electrically evoked brainstem responses (e.g. Kileny et
al., 1994), the subcortical regions, i.e. middle latency responses (e.g. Kileny,
1991; Groenen et al, 1997) up to the auditory cortex, i.e. event-related potentials
(e.g. Kileny, 1991; Micco et al., 1995; Groenen et al., 2001). Several of these
studies focused on the relation between electrophysiological data and
behavioural performance (Kileny, 1991; Micco et al., 1995; Makhdoum et al.,
1998). The underlying idea is that auditory processing can be studied in more
detail with evoked potential data, which might help to understand better
individual speech perception performance.  
Nowadays, it is possible to stimulate the cochlea in various ways with CI
systems. The Nucleus cochlear implant system has implemented three different
speech coding strategies. For the greater part, these speech coding strategies
differ with respect to the stimulation rate per electrode and the total number
of active electrode sites. It has been shown that on an individual level, the
different strategies might lead to significant variation in speech perception
performance (Parkinson et al., 1998; Kiefer et al., 2001; Beynon et al., 2003). It
is assumed that this is due to differences in the processing of speech sounds
per coding strategy.  
To study auditory responses on a cortical level, the so-called mismatch negativity
(MMN) responses (e.g. Kraus et al., 1993; Groenen et al., 1996) or P300
responses (Micco et al. 1995, Kileny et al., 1997) have been applied. MMN
measurements have the advantage that the MMN can be obtained in a passive
listening condition (Näätänen, 1995). However, MMN data are not easy to
obtain owing to problems with the signal-to-noise ratio. This limits its clinical
application (Groenen et al., 1996; Dalebout & Fox, 2001; Pettigrew et al., 2004).
The P300 response as a measure for discrimination has the relative disadvantage
that it requires an active attention. The advantage of the P300 response is that
it is a rather robust cortical response (Donchin & Coles, 1988; Coles et al.,
1997). Therefore, we chose P300 measurements for the present study.
It has been shown that P300 amplitude is primarily related to unexpectedness
of a stimulus and thus to its probability of occurrence and its discrimination
from a more frequent stimulus. The P300 latency is an index for stimulus
evaluation processes, including activities that involve encoding and proper
categorization of the stimulus (Coles et al., 1997). Although there is controversy
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regarding the specific relation between P300 amplitude and the complexity of
the task, there is consistency in the literature regarding the P300 latency as an
index of the processing time of the stimulus (Donchin & Coles, 1988; Gratton
et al., 1990). Earlier research by Kutas et al. (1977) has shown longer processing
times or 'stimulus evaluation times' when the behaviourally-determined
discrimination of the stimulus contrast was more difficult. They advocated
the use of the peak latency instead of the amplitude of the P300. Nevertheless,
in most P300 studies, two outcome measures are investigated, i.e. amplitude
and latency. 
The Nucleus 24 cochlear implant system has 22 intracochlear electrodes and
implements three different speech coding strategies. These speech coding
strategies differ with respect to the stimulation rate per electrode and the total
number of active electrode sites. One of these strategies is mainly based on
processing spectral information ('SPEAK'): the processor analyzes the
acoustic waveform in the frequency domain (spectral 'maxima') and activates
the relevant electrodes with pulses at a mean stimulation rate of 250 Hz per
electrode.  Another strategy, 'CIS' or continuous interleaved sampling, is
based on processing in a time domain with a much higher stimulation rate
per electrode (usually 1200 Hz) resulting in a higher temporal resolution
compared to the spectral peak analysis. Usually, a number of pre-defined
electrode sites are stimulated.
Finally, a third strategy combines various features to optimise the spectral and
temporal processing of sounds: 'ACE' or advanced combination encoding
strategy. An extensive description of the ACE strategy has been given by
Vandali et al. (2000).
The aim of the present study is to assess whether the P300 measurement is a
valid objective tool to study speech understanding with speech coding strategy
as a variable. Thereto, P300 potentials were obtained with two selected
speech contrasts in CI users and, for matters of comparison, in subjects
with normal hearing. Next, it was studied whether individual behavioural
discrimination scores for the speech contrasts obtained for each of the three
coding strategies were related with corresponding P300 latencies and/or
amplitudes. 
Measurements were performed in experienced CI users using a vowel and a
consonant contrast.
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Methods
Subjects
Event-related potentials (ERPs) were obtained from 10 experienced cochlear
implant users; they were all postlingually deaf adults using a Nucleus 24M
system. They participated on a voluntary basis. In all 10 subjects, the complete
array of electrodes had been inserted into the cochlea without any complications.
The stimulation mode was monopolar ('MP1+2') in all cases. For the ACE
strategy a stimulation rate of 900 Hz per electrode was chosen with 8 maxima;
for the SPEAK strategy a mean stimulation rate of 250 Hz per electrode was
chosen with an average of 6 maxima and for the CIS a stimulation rate of 1200
Hz per electrode was chosen with 12 fixed electrode sites. The pulse width of
the stimuli was 25 µs in all three coding strategies. At the time of ERP recording,
stable maps were available for the three coding strategies. All subjects had
been using the speech processor full-time for more than one year. Some
subject characteristics are shown in Table I. 
To study possible differences in ERPs compared to subjects with normal
hearing, data were obtained from a control group of 10 adults in the same age
range as the CI users (mean age 45 years, ranging from 21 to 66 years; 4
women, 6 men). Subjects in the control group had normal hearing (thresholds
Table I. Subject demographics of the CI group
Subject Gender Age [yrs] Aetiology
Duration deafness 
[years;months]
Duration CI use 
[years;months]
1 f 36 progressive 10;8 4;8
2 m 59 progressive 24;3 4;4
3 f 24 meningitis 1;5 4;2
4 f 66 progressive 7;5 3;11
5 m 70 otosclerosis 11;4 3;10
6 m 72 sudden 1;9 3;8
7 m 35 progressive 13;1 3;1
8 m 75 meniere 16;3 2;8
9 m 42 ototoxicity 2;3 2;8
10 f 46 progressive 1;7 2;11
mean 53 9;0 3;6
range 24 - 75 1;5 - 24;3 2;8 - 4;8
at 0.5, 1, 2 and 4 kHz <20 dB HL) and no pathological oto-neurological history.
The ERP measurements in the control group were performed under the same
conditions as in the CI group.
Stimuli
Auditory cortical potentials were evoked using speech stimuli. As one of the
aims was to generate the endogenous P300 component, responses were elicited
using an 'oddball paradigm', i.e. a stimulation paradigm in which a relative
unexpected stimulus occurred in a series of much more frequently occurring
and thus expected stimuli (Coles et al., 1997). Two speech contrasts were
used: one vowel contrast with the vowel /i/ as the standard stimulus and the
vowel /a/ as the deviant stimulus, and one consonant contrast with /ba/ as
the standard and /da/ as the deviant stimulus. Standard stimuli occurred
at a probability rate of 85%, while in 15% of the cases deviant stimuli were
randomly presented. Construction, manipulation and resynthesis of these
stimuli have been described in detail elsewhere (Groenen et al., 2001). 
The two speech tokens of the vowel contrast /i/ vs. /a/ differed in the central
frequencies of the first, second and third formants. In the consonant contrast,
the two speech tokens /ba/ and /da/ differed in the starting value and slope
of the transitions of the second and the third formants. 
Test procedure
The ERP measurements were performed in a double-walled soundproof
room with low reverberation. Subjects were seated in a comfortable chair.
The loudspeaker that presented the speech sounds was placed at a distance of
1 m. in front of the subjects. The inter-stimulus interval was fixed at 2 seconds.
Each deviant stimulus was followed by at least two standard stimuli before
the next deviant stimulus was presented. Blocks consisted of 220 stimuli: the
first 20 stimuli were standard stimuli, followed by 30 deviant stimuli randomly
embedded in 170 standard stimuli. The loudness level of presentation was 70
dB SPL measured with the Bruel and Kjaer 2203 SPL meter at the ear of a
subject with normal hearing, or at the microphone of a CI user.
The non-inverting recording electrode was fixed at CPz, according to the 10-10
system (Nuwer et al., 1998). The inverting electrode was placed on the nose
and a common ground electrode was placed on the cheek contralateral to the
implant in the CI subjects, or on the right cheek in the subjects with normal
hearing. Evoked potentials were measured with a Medelec ER94 (Oxford
Instruments, Oxford, UK) system. Analysis time was set at one second with
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on-line filter settings that ranged from 1 Hz (high pass) to 125 Hz (low pass).
Measurements with artefacts caused by eye movements were excluded from
the average. Averaged recordings were filtered digitally off-line with a cut-
off frequency of 25 Hz (low pass).  Each measurement was repeated once.
Subjects were instructed to count the deviant stimuli aloud. 
For accuracy purposes, electrical thresholds (T-levels) and comfortable loudness
levels (C-levels) of the three coding strategies were updated separately and
fine-tuned. ERP measurements were carried out after the speech processor
was adjusted for each strategy and had been used for at least one week each
prior to the ERP measurement with that specific strategy.
Behavioural testing
Before the ERP recordings, standard and deviant stimuli were presented
separately six times each as well as in pairs. The subject was then asked to
give a rating on a 5-point scale, with '1' as 'no difference perceived between
standard and deviant' and '5' as 'very clear distinction between the standard
and deviant' stimuli. This was done to obtain the patients' opinion about the
degree of discrimination of the contrast with the three different speech-coding
strategies. Additionally, subject's true and false positive/negative responses
to the deviant stimulus were counted during the ERP measurements. 
ERP data analysis
N1 and P2 components were identified visually on the average response trace
of the standard stimulus in the 50-300 ms region after stimulus onset. The
P300 peak was identified as a positive deflection in the difference wave, i.e. the
result of subtracting the response to the standard from that to the deviant
stimulus. Per peak (N1, P2 and P300) two response parameters were determined,
i.e. their latency and amplitude. Latency was defined as the time between the
stimulus onset (in ms) and the maximum deflection of the peak; the absolute
maximum in the deflection itself was the amplitude (µV). Per subject, this
resulted in three latencies and three amplitudes, namely one latency and one
amplitude for each of the peaks N1, P2 and P300 in the three speech coding
strategies.
To evaluate reproducibility and to be able to assess intraindividual differences
in amplitudes and latencies, measurements were repeated once. This enabled
a test-retest evaluation. Differences in amplitudes and latencies between
recordings obtained with the different speech coding strategies were considered
to be statistically significant when they differed by more than twice the
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intraindividual standard deviation derived from the test-retest data (see
Appendix A).
Results
Event-related potentials
Typical examples of ERP recordings obtained from a CI subject are shown in
Figure 1. The averaged response to the standard stimulus is indicated by the
thin line, while the averaged response to the deviant stimulus is indicated by
the thick line. The positive deflection around 300 ms post stimulus is clearly
recognisable in the deviant recordings of the two speech contrasts. When the
two figures are compared, it can be seen that smaller ERP amplitudes and
prolonged latencies are present for the consonant contrast when compared to
the vowel contrast.
Figure 2 shows the amplitudes and the latencies of N1, P2 and P300 peaks
obtained from the CI subjects using the vowel (left figure) and the consonant
(right figure) contrasts. Most CI users showed reproducible peaks. The N1
component was identified in 28 out of the 30 responses to the vowel contrast
(10 subjects x 3 coding strategies); a P2 component was found in 27 responses
and a P300 component in 29 responses. The N1 was identified in 27 out of the
30 responses to the consonant contrast, a P2 component in 28 out of 30
responses and a P300 in only 17 responses. 
All the subjects with normal hearing consistently showed reproducible ERPs 
to the two speech contrasts. 
P300 vowel contrast
-20
-15
-10
-5
0
5
10
15
20
-200 -100 0 100 200 300 400 500 600 700
latency [ms]
am
pl
itu
de
 [u
V]
/i/ /a/
N1
P2
P300
P300 consonant contrast
-20
-15
-10
-5
0
5
10
15
20
-200 -100 0 100 200 300 400 500 600 700
latency [ms]
am
pl
itu
de
 [u
V]
/ba/ /da/
N1
P2
P300
Figure 1. Typical ERP recordings from a CI subject (#2): The figures show averaged responses to the
vowel contrast (left) and averaged responses to the consonant contrast (right). Thin line: response to
standard; thick line: response to deviant stimulus. A positive 'P300' peak is recognisable in the response
to the deviant stimulus
D
iscrim
ination of speech sound contrasts determ
ined w
ith behavioural tests and ERPs in CI users
77
CI users versus controls
Table II shows group mean amplitudes and latencies for the controls and the
CI group. For the vowel contrast, amplitudes of N1, P2 and P300 components
were smaller in the CI subjects than in the controls. Statistical analyses
revealed significant differences in amplitudes of the components N1, P2, P300
(unpaired t-tests after corrections for equal variances, two-tailed, p < 0.05)
between the control and the CI group, except for the SPEAK N1 and P300
component, and the ACE P300 component. 
Latencies were prolonged in the CI group with all three coding strategies.
Statistically significant latency shifts were found for all three speech coding
strategies (unpaired t-tests, two-tailed, p < 0.05), except for the ACE P300
component and the SPEAK P300 component. When amplitude levels of the
missing peak values (n = 6 out of 90 responses) were replaced by 0 and their
latencies by the poorest value found plus 10% (arbitrary choice), correlations
became higher, and, additionally, the SPEAK N1 amplitude became statistically
different from the control group (p < 0.05).
Next, for the consonant contrast, a somewhat different picture emerges. First
of all, the Table shows a significant number of subjects with absent P300. N1
and P2 amplitudes were significantly smaller in the CI group than in the controls,
except for the N1 amplitude with the CIS strategy. Most latencies for N1 and
P2 were significantly delayed (p < 0.05). Statistical analysis for N1 and P2
with amplitude levels set at 0 and latencies at the unfavourable value (poorest
value plus 10%) did not significantly change the results.
For the P300 data there is a tendency towards poorer data in the CI users
Figure 2. ERP peak latencies and amplitudes of 10 CI subjects to the vowel contrast (left) and the
consonant contrast (right). Responses obtained with the ACE, CIS or SPEAK are indicated with
symbols: B for ACE, G for CIS and A for SPEAK. To distinguish N1 and P300 from P2 values, symbols
for P2 are filled
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what is probably more than a tendency when realising that in 13 out of 30
measurements the P300 could not be recognized with certainty. 
Strategy-dependent differences
When analysing within-subject differences for the three speech coding strategies,
it is important to know whether a difference in amplitude or latency is statistically
significant. For this purpose, we first determined the 95% critical value from the
test-retest measurements. In Appendix A, the 95% critical values are presented
for amplitude and latency. Using these critical values, Table IIIa-b shows an
overview of intraindividual P300 potentials that were significantly different.
When significant inter-strategy differences were found, the significantly
smallest amplitude or longest latency (poorest responses) for a speech coding
Ch
ap
te
r 5
78
vowel contrast /i/-/a/
N1 standard P2 standard P300 difference
amplitude latency amplitude latency amplitude latency
ACE -4.2 ** 105 * 1.9 ** 192 ** 7.9 322
sd 1.2 (n=10) 14 1.1 (n=10) 12 3.1 (n=10) 32
SPEAK -5.0 108 ** 1.8 ** 198 * 8.1 336
sd 1.6 (n=8) 11 1.5 (n=8) 26 5.0 (n=9) 41
CIS -4.2 * 107 * 2.0 ** 190 * 7.3* 367*
sd 1.8 (n=10) 17 1.6 (n=9) 28 2.4 (n=10) 63
Controls -6.6 93 5.9 173 11.4 314
sd 2.3 (n=10) 6 2.5 (n=10) 18 4.1 (n=10) 14
consonant contrast /ba/-/da/
N1 standard P2 standard P300 difference
amplitude latency amplitude latency amplitude latency
ACE -2.7 * 109 1.7 * 212 5.3 * 426
sd 0.8 (n=10) 13 1.4 (n=10) 34 3.1 (n=6) 24
SPEAK -2.9 * 110 1.7 * 205 4.7 * 441
sd 1.3 (n=8) 13 1.3 (n=10) 32 1.2 (n=7) 52
CIS -3.3 114 1.9 * 180 4.7 ** 431
sd 1.8 (n=9) 14 1.7 (n=8) 22 3.4 (n=4) 32
Controls -5.0 106 4.2 193 9.5 404
sd 2.1 (n=10) 17 2.9 (n=10) 28 3.4 (n=10) 32
Table II. Group means with standard deviations for the N1, P2 and P300 amplitudes (in µV) and laten-
cies (in ms) for the vowel contrast (top) and consonant contrast (bottom). Significant differences
between control and CI group are indicated with an asterisk (* p < 0.05; ** p < 0.01)
strategy is always indicated by an 'o' symbol in this table. In addition, as an
absent P300 is considered as poor result, the missing data are also indicated
with that symbol. The speech coding strategy with the significantly largest
amplitude or shortest latency (best responses) is indicated with an asterisk. In
only one subject (#5), the latency of the consonant contrast with ACE was sig-
nificantly better than with SPEAK, while the latency of the SPEAK responses
was significantly better than CIS. In Table IIIb this is indicated with a double
asterisk.
With the vowel contrast, P300 peaks could be identified in all ten CI subjects
with at least two of the three speech coding strategies. In nine subjects, it was
possible to determine a P300 with all three coding strategies. In eight subjects,
a P300 was recognised when using the consonant contrast with at least one
speech coding strategy; in two subjects, #1 and #4, no reproducible P300 peaks
were found with any strategy. 
Behavioural responses: individual contrast ratings and subjective responses to speech
contrasts
The behavioural discrimination of the speech contrasts was quantified on a
5-point scale. Individual ratings for the contrast between the standard and
deviant stimuli varied from '1', i.e. no contrast perceived, up to '5', i.e. very
clear contrast. As expected, the controls with normal hearing showed an optimal
score of '5' for both the vowel and the consonant contrasts (not shown). Table
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a. Vowel contrast /i/-/a/ b. Consonant contrast /ba/-/da/
Amplitude Latency Amplitude Latency
P300 P300 P300 P300
ACE CIS SPK ACE CIS SPK ACE CIS SPK ACE CIS SPK
CI subject CI subject
1 * o * 2
2 * o * 3 * * o * o *
3 o * * o * 5 * o * ** o *
4 o * * o o 6
5 * o * 7
6 * o o 8 o o * o o *
7 9 o o * o o *
8 * o * o * 10 * * o
9
10 * o *
Tables IIIa-b. Intraindividual significant P300 amplitude and latency differences between speech coding
strategies in individual CI subjects for the vowel (a) and consonant (b) contrast. Significant inter-strategy
differences at the 5% level with the largest amplitudes and shortest latencies are indicated with an
asterisk. Significant poorest responses and missing data (i.e. non-identifiable peaks) are indicated
with 'o'. The double asterisk for subject #5 indicates that a significant difference was found between this
strategy and both other two strategies
Ch
ap
te
r 5
80
IV shows an overview of the individual ratings in the CI subjects for the three
coding strategies and the two speech contrasts. The consonant contrast was
less clearly perceived than the vowel contrast by the CI subjects.
Table IV. Individual ratings of the discrimination of the speech contrasts
During the ERP recordings, the deviants were counted aloud. Thus the number
of correctly identified deviant stimuli (true positives) and incorrectly identified
standard stimuli (false positives) were known. These data were used to calculate
the percentages of true positives (sensitivity) and true negatives (specificity).
For the vowel contrast, a considerable ceiling effect was found for all three
coding strategies. The sensitivity and specificity scores were above 95%, most
were 100%. This was also found for four of the 10 subjects with the consonant
contrast. Therefore, it was decided not to use these data, but to use the behav-
ioural discrimination ratings from Table IV for comparison with the P300 data
from Table III.
Relation between objective responses and behavioural responses
As the number of CI users was limited, it was decided to analyse the P300
measurements only qualitatively by comparing the results of Tables III and
IV. For each subject, it was examined whether the significant best P300
response with a specific strategy corresponded with the best behavioural
contrast discrimination. A straightforward comparison for the vowel contrast
showed that the significantly highest (i.e. best) amplitudes (obtained with
ACE from subject #8, and the SPEAK from subjects #3 and #4: see Table III)
were not in conformity with the best discrimination scores (see Table IV). On
the other hand, the significantly shortest (i.e. best) latencies were nearly all
CI subject
ACE rating CIS rating SPEAK rating ACE rating CIS rating SPEAK rating
1 5 3 4 3 2 1
2 5 5 4 3 3 3
3 5 3 4 4 3 2
4 5 3 4 3 1 2
5 5 3 4 4 1 3
6 5 3 4 4 3 2
7 5 3 4 3 1 2
8 4 3 5 2 1 3
9 5 4 3 4 3 4
10 5 4 3 2 1 1
Vowel contrast Consonant contrast
associated with high discrimination ratings of '4' or '5'. A rating of '3' was
never associated with the best P300 latency, except in subject #10: this subject
had a significant shorter P300 latency for ACE and SPEAK compared to CIS,
although the SPEAK strategy was judged as the most difficult-to-discriminate
strategy.
For the consonant contrast, significant best amplitudes were found in subjects
#3, #5, #8 and #9, which was in acceptable conformity with the behavioural
discrimination of this contrast (viz. with the highest ratings, '3' or '4'). The
significantly best latencies, found in the same four subjects, were also associated
with the highest discrimination scores, except in subject #3 for SPEAK. 
Figure 3. Discrimination scores versus P300 latencies for vowel (left) and consonant contrast (right).
Intraindividual significant best scores are indicated with filled symbols and poorest scores with open
symbols. Note. Symbols at a latency of '550 ms' latency refer to 'no P300 response' 
Figure 3 presents these findings in a different way. The figure shows each
patient's shortest P300 latency (filled symbol) and the longest (open symbol)
as a function of the patient's behavioural discrimination ratings. If a P300 was
not found, a latency of 550 ms was assigned. The lines in the figure connect
the best and poorest score for a particular patient. All the lines have a negative
slope, indicating that longer latencies are associated with poorer subjective
ratings. 
Discussion
In the present study, ERP measurements were obtained from CI users using
three different speech-coding strategies. First, the results were compared to
those of subjects with normal hearing. Further, it was studied whether there
was a relation between the P300 measures and the behavioural discrimination
for the two speech contrasts.
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The quality of the P300 recordings was satisfactory; reproducible P300
responses were found in the majority of the recordings. Two variables,
amplitude and latency, were analysed. In all CI subjects, a P300 could be
identified with the vowel contrast with at least two speech coding strategies.
However, for the consonant contrast, a P300 could be identified in only eight
out of the ten CI subjects with at least one strategy. 
A difference in the latencies of the slow vertex potentials N1 and P2 was found
between the control group and the CI group for the vowel and consonant
contrast, for all three coding strategies: these prolonged latencies suggest that
the CI subjects had longer stimulus evaluation times, i.e. perception took
longer than in the control subjects (Table II). A similar conclusion is drawn
for the P300 data when absent data are taken into account. The overall poorer
results with the consonant contrast in both the CI subjects and the control
group (lower amplitudes, longer latencies, see Table II) suggest that cortical
processing is different from that with the vowel contrast. A possible explanation
might be that the consonant contrast simply represented a smaller acoustical
difference than the vowel contrast. Previous studies on subjects with normal
hearing have shown that P300 responses to difficult-to-discriminate contrasts
have longer latencies than easy-to-discriminate contrasts (Kutas et al., 1977;
Donchin & Coles, 1988). Further, the fact that the discrimination of vowels is
mainly based on frequency information, while consonant perception makes
use of temporal processing might play a role. There might be two different
phonetic processing mechanisms with different neural processing times.  
The main research question aimed at the relation between P300 data, mainly
its latency, and the behavioural discrimination of speech contrasts.
Considering Figure 3 it is concluded that the subjective judgement of contrast
discrimination using a rating scale was in agreement with P300 latencies for
the vowel and consonant contrast. 
It should be noted that it is not possible to draw any conclusions on the best
of the three coding strategies for a particular CI user as most of the CI users
were very familiar with one of the strategies (i.e. the strategy that they used
daily). Besides CI processing by speech coding strategy, other factors might
play a role in the intra-individual variability of speech recognition with a CI,
such as the electro-neural interface, i.e. poor transmission of the CI output to
the auditory nerve, or the neural processing, i.e. poor cortical representation
of the speech sounds. 
Conclusions
ERPs could be evoked readily in most CI users. In general, the morphology
of the ERPs was similar to that found in the controls. However, the CI subjects
showed longer stimulus evaluation times (i.e. prolonged latencies) for the
vowel contrast and lower amplitudes for the vowel and consonant contrast
than the control subjects. On an individual level, the present results indicat-
ed variation in auditory processing quantified by variation in the P300 data
when different speech-coding strategies were used. P300 data were in accept-
able agreement with behavioural discrimination ratings. 
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Appendix A
Table A1. Mean test-retest differences with standard deviations; n is the number of subjects in whom a
reproducible N1, P2 or P300 peak were found
Differences in amplitude and latency between the test and retest scores (signed
differences) were determined and averaged over the ten CI subjects. Table A1 presents
the mean signed test-retest differences and standard deviations for N1, P2 and P300
amplitudes and latencies in response to the vowel and consonant contrasts.
Assuming that the intraindividual variability in peak latencies and amplitudes was
independent of speech coding strategy, test-retest differences for the three strategies
were pooled. Data from those subjects in whom a reproduction of a specific peak
was not possible were excluded. This resulted in less than 3 x 10 (strategy x subjects)
observations (the number is indicated between brackets). All the 6 mean test-retest
values did not differ significantly from zero (t-test, 2-tailed, p > 0.05) for either contrast,
implying no systematical order effects. Therefore, the standard deviation of this
mean was used to define the measurement error: peak amplitude differences or peak
latency differences of more than 2.26 times this standard deviation divided by √2
(repeated measurement) were considered significantly different (with a probability
of 95%). E.g. for P300 differences, these values were 3.9 µV and 29 ms for the vowel
contrast, and 3.6 µV and 48 ms for the consonant contrast.
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Mean test-retest differences +/- s.d.
P300
contrast amplitude [uV] latency [ms]
vowel 0.0 +/- 2.4 (n=29) 2.4 +/- 18.1 (n=29)
consonant 0.9 +/- 2.2 (n=17)  -2.5 +/- 29.6 (n=17)
N1 P2
frequent amplitude [uV] latency [ms] amplitude [uV] latency [ms]
vowel 0.0 +/- 1.0 (n=28)  -3.5 +/- 11.4 (n=28)  -0.1 +/- 1.0 (n=27) 1.7 +/- 12.3 (n=27)
consonant 0.1 +/- 1.2 (n=27) 7.4 +/- 18.8 (n=27) 0.1 +/- 1.2 (n=28) 4.1 +/- 24.5 (n=28)

CHAPTER 6
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Abstract
Objective: Intra-individual comparison of two cochlear implant
speech coding strategies implemented in the Nucleus 24M system,
viz. 'SPEAK' versus 'ACE'. Reasons for subjective preference were
evaluated using a combination of speech perception scores and a
disability-based inventory.
Study design: Cross-over study with two groups of CI subjects,
assigned to first receive 'ACE' or 'SPEAK' strategy.
Setting: Cochlear implant program.
Subjects: Twelve postlingually deaf adults using a Nucleus 24M
cochlear implant system.
Intervention: Subjects consecutively used the two different speech
coding strategies and completed speech perception tests in quiet
and in noise and a disability-based inventory ('Abbreviated Profile
of Hearing Aid Benefit').
Main Outcome Measures: Individual differences between the two
different speech coding strategies and the relation with subjective
strategy preference.
Results: The ACE strategy produced somewhat better speech
recognition scores in quiet and in noise, although the difference in
the scores in noise did not reach the 95% level of significance. The
first coding strategy chosen did not affect the results or subjective
preference. Preference according to the APHAB results were not a
priori in conformity with the speech recognition scores. 
Conclusion: Most subjects preferred the ACE strategy. Subjective
preference was in agreement with the APHAB results in 3 sub-
jects, in agreement with speech recognition in 2 subjects, and in
agreement with both in 7 subjects. The present results support the
use of both speech recognition tests and questionnaires to evalu-
ate different speech coding strategies.
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Introduction
At the present time cochlear implant systems offer different ways to process
speech with the aim to optimize individual speech perception. A speech
processor can be programmed with speech coding strategies that are feasible
with the specific hard- and software of the cochlear implant (CI) system. Each
coding strategy has specific variables, such as the rate of stimulation, the
number of intra-cochlear sites stimulated simultaneously or periodically and
the consecutive sequences of electrode activations. New speech coding
strategies require the clinician to be knowledgeable and flexible enough to
abandon familiar ways of speech processor programming. Particular care is
necessary when implementing new coding strategies in subjects who have
problems to express their preferences.
An important question is whether subjective preference for a certain strategy
is mainly determined by the new coding strategy itself or by habituation
effects. In addition, the choice of speech coding strategy may depend on the
subjective preference of the clinician, based on positive or negative experi-
ence in the past. Therefore, thorough evaluation of the advantage and disad-
vantages of different speech coding strategies is necessary.
In the present study we compared the more recent 'ACE', or 'Advanced
Combination Encoder' speech coding strategy to the well known 'SPEAK', or
'Spectral Peak' strategy in adults fitted with the Nucleus cochlear implant
system. The major change is that the ACE strategy runs at higher stimulation
rates (Cochlear Ltd, Nucleus Technical Reference Manual, 1999). Therefore,
the ACE is claimed to have better options to optimise specifically the temporal
representation of sounds. The SPEAK strategy is primarily based on processing
spectral information: the processor analyses the acoustic waveform in the
frequency domain and activates the tonotopically relevant electrodes with
pulses up to 2500 Hz overall stimulation rate. The ACE strategy on the other
hand is capable of stimulating more electrode sites with a maximum stimulation
rate of 14400 Hz. Thus, spectral information will be more pronounced and
can be delivered at a higher stimulation rate. This might improve speech
perception in quiet and in noise (Arndt et al., 1999).
Rather few studies compared the ACE and SPEAK strategies. Mostly, the
comparisons concerned speech recognition performance in quiet and in noise
and were mainly focussed on group comparisons. Individual subjective
preferences obtained with standardised questionnaires have seldom been
analysed. Most subjective preference analyses concerned sketchy comparisons
based on a variety of subjective verbal descriptions or global ratings
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(Parkinson et al., 1998; Arndt et al., 1999; Kiefer et al., 2001). In our opinion,
well-defined questionnaires to assess subjects' opinions in daily life situations
would be a better approach, because the daily environment of the subject is
an important factor in the judgement of perceived benefit. An interesting
question is whether the strategy with the best speech recognition scores is
also the strategy with the best subjective rating. Thus, in line with evaluations
on conventional hearing aid fitting, the present study employed a combination
of speech recognition tests and a questionnaire assessment to compare the
ACE and the SPEAK speech coding strategies in individual adult CI users,
whose device was programmed initially with the ACE or the SPEAK (and then
vice versa) in two consecutive trial periods. Apart from group comparisons,
intra-individual differences were analysed and tested for statistical significance.
Materials and methods
Subjects
Twelve postlingually deaf adults, implanted with the Nucleus 24M system,
participated on a voluntary basis. Preoperative word recognition scores,
(tested in the soundfield at 70 dB SPL, obtained with the patient's own conven-
tional hearing aids, see test materials) was below 10% in all cases. 
The subjects had complete insertion of the electrode array, and all 22 electrodes
were activated. No clinical or technical complications occurred. After surgery
subjects were assigned to one of two groups: the 'SPEAK group', who started
with the speech processor programmed with the SPEAK strategy (subject
numbers 1 to 6), or the 'ACE group' who started with ACE strategy (subject
numbers 7 to 12). Some subject demographics are shown in Table I. The
average age of the participants was 54 years (range 23 - 71 years) in the
SPEAK group and 42 years (range 24 - 74 years) in the ACE group. The caus-
es and duration of deafness were largely comparable in the two groups. 
Test materials
Speech recognition was tested with NVA wordlists on compact disc according
to standards of the Dutch Society of Audiology (Bosman, 1989). The wordlists
consist of 11 monosyllabic words. Wordlists were administered to each sub-
ject in quiet and in noise. In the noise condition, continuous speech noise was
used with the same spectrum as the speech material, which was also available
on the compact disc. This test was also used preoperatively with the subjects
using their conventional hearing aids. 
Com
parison of different speech coding strategies 
91
Table I. Subject demographics
Subjective preference in different daily life situations was assessed with the
'Abbreviated Profile of Hearing Aid Benefit', or APHAB, questionnaire (Cox
& Alexander, 1999). The APHAB consists of 24 questions covering 4 different
subscales of hearing device benefit: ease of communication (EC), speech
recognition in reverberation (RV), in background noise (BK) and aversiveness
to sounds (AV). 
Method and procedure
Each speech coding strategy was programmed and optimised in three consec-
utive sessions. In the SPEAK strategy, a 250 Hz stimulation rate was used and
6 maxima. In the ACE strategy these variables were 900 Hz and 8 maxima,
respectively. The subjects used the first of the two strategies for a period of 3
months. After this trial period, speech recognition in quiet and in noise was
tested and the subjects filled out the APHAB questionnaire. Wordlists were
presented in the soundfield using a standard audiometer (Interacoustics
AC40). Measurements were carried out in a double-walled soundproof room.
The presentation level was 70 dB (SPL). The speech processor was adjusted
by the CI user to the most comfortable loudness level as used in every day
situations.
Wordlists were presented in three conditions: in quiet and in two noise
conditions with a signal-to-noise ratio of +10 dB and +5 dB. The mean scores
on 2 wordlists (22 words, 66 phonemes) were averaged for each listening
condition and coding strategy. In addition to word scores, the (low-redundant)
Subject Gender Age Aetiology Duration First
(yrs;months) (yrs;months) Strategy
1 f 35;3 progressive 10;8 SPEAK
2 m 58;1 progressive 24;3 SPEAK
3 f 23;6 meningitis 1;5 SPEAK
4 f 65;3 progressive 7;5 SPEAK
5 m 69;7 otosclerosis 11;4 SPEAK
6 m 71;9 sudden deafness 1;9 SPEAK
7 m 34;4 progressive 33;1 ACE
8 m 74;5 M. Meniere 16;3 ACE
9 m 41;3 ototoxicity 2;3 ACE
10 f 45;5 progressive 1;7 ACE
11 f 24;8 progressive 20;1 ACE
12 m 30;2 progressive 3;3 ACE
phoneme scores were also obtained and analysed separately. Within-subject
differences were tested for significance using 95% critical differences according
to Thornton and Raffin (1978).
For the second trial period of 2 weeks, the speech coding strategy was
swapped. After the two-week trial period, speech recognition in quiet and
noise was tested and the subjects filled out the APHAB questionnaire based
on their experience with the second trial strategy (see Fig. 1). APHAB data
were analysed on an individual level. Following Cox & Alexander (1999), the
three subscales (EC, RV and BK) were used for within-subject comparisons
and tested for significance. Finally, the subjects were also asked to state,
which of the two speech coding strategies they preferred. 
Figure 1. Flowchart of the study procedure
Results
Speech recognition tests in quiet and in noise
Figures 2a-c show the results of the speech recognition tests in quiet and in
noise in the two groups for words. The ACE strategy showed better scores in
both the SPEAK and the ACE group; in the SPEAK group this difference was
statistically significant in quiet and in noise with a S/N ratio of +5 dB (t-test,
p < 0.05, 2-tailed). After testing for equal variances (F-tests), word scores were
tested for group differences in order to legitimate pooling of the two groups.
No significant between-group differences were found (p > 0.05), so the two
groups were pooled to compare strategies: statistical analysis showed a
significant advantage of the ACE strategy in quiet and in both noise condi-
tions (paired samples t-tests for all conditions p < 0.02, 2-tailed).
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CI users
SPEAK group
ACE group
SPEAK 
(250 Hz, 6 maxima)
ACE
(900 Hz, 8 maxima)
3 months
- speech 
recognition tests
- APHAB
Swap Coding Strategy
2 weeks
- speech
recognition tests
- APHAB
SPEAK 
(250 Hz, 6 maxima)
ACE
(900 Hz, 8 maxima)
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Figures 2a-c. Mean word scores in quiet and in noise (S/N of +5 dB and S/N of +10 dB) in the ACE and
SPEAK group obtained with the two speech coding strategies. An asterisk indicates a significant differ-
ence at the 5% level
Table II shows the individual word scores. Within-subject differences were
tested for significance. Scores with an asterisk (see Table II) indicate a signif-
icant difference at the 5% level, according to Thornton and Raffin (1978).
Table II. Individual word scores with the ACE and the SPEAK strategy in quiet (ACE, SPK) and in noise
with an S/N ratio of +5 dB (ACE5, SPK5) and +10 dB (ACE10, SPK10). 
Note. * Significant difference between the two speech coding strategies (p<0.05)
Subject ACE SPK ACE5 SPK5 ACE10 SPK10
1 82 72 45 27 54 45
2 84 81 52 54 50 60
3 82* 45 36 22 48 29
4 41 27 18* 0 22 6
5 54* 22 27 9 36 18
6 63 54 45 27 54 45
7 72* 29 36 19 45 25
8 61 85* 19 27 25 33
9 60 49 27 22 45 31
10 45 36 14* 0 38* 9
11 63 50 27 29 30 28
12 72* 44 0 0 22 6
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With regard to speech recognition in quiet, four subjects showed significantly
better scores with ACE, whereas one subject had a better score with SPEAK.
Significant differences were also found in the noise conditions: two subjects
showed better scores with ACE than with SPEAK tested with a S/N-ratio of
+5 dB, while one of them also scored better with ACE in a S/N-ratio of +10
dB. Differences within the other subjects were not statistically significant. 
Figures 3a-c show the results of the speech recognition tests in quiet and in
noise in the two groups for phonemes. Again, the ACE strategy showed better
speech recognition scores in quiet in both the SPEAK and the ACE group;
in the SPEAK group this difference was statistically significant (p < 0.05,
2-tailed). Similarly, also in the two noise conditions, the scores with ACE were
higher than those with SPEAK, but not statistically significant. After F-testing
(p > 0.05), the two groups were pooled again and showed a statistically
significant advantage of the ACE strategy in quiet (p < 0.05, 2-tailed).
Figures 3a-c. Mean phoneme scores in quiet and in noise (S/N of +5 dB and S/N of +10 dB) in the ACE
and SPEAK group obtained with the two speech coding strategies. An asterisk indicates a significant
difference at the 5% level
Table III shows the individual phoneme scores for speech recognition in quiet
and the two listening conditions in noise. 
With regard to speech recognition in quiet, three subjects showed significantly
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better scores with ACE, whereas one subject had a better score with SPEAK.
Significant differences were also found in the noise conditions: three subjects
showed a better score with ACE compared to one with SPEAK (S/N-ratio +5
dB), whereas two subjects scored better with ACE compared to one with
SPEAK (S/N-ratio +10 dB). Differences in the other subjects were not statis-
tically significant. 
Table III. Individual phoneme scores with the ACE and the SPEAK strategy in quiet (ACE, SPK) and in
noise with an S/N ratio of +5 dB (ACE5, SPK5) and +10 dB (ACE10, SPK10). Note. * Significant difference
between the two speech coding strategies (p<0.05)
Abbreviated Profile of Hearing Aid Benefit questionnaire
Individual results on three subscales are shown in Table IV, viz. ease of
communication (EC), speech perception in reverberation (RV) and speech
perception in background noise (BK). Note, the lower the score the greater
the benefit. As proposed by Cox & Alexander (1999) if differences in benefit
scores on all three subscales are more than 10% in favour of the same strategy,
the difference was considered significant at the 95% level. The thus calculated
superior strategy is shown in the last column of the Table. Five subjects
showed significantly more benefit with ACE, compared to two subjects with
the SPEAK strategy. Applying the Cox & Alexander (1999) rules strictly, no
significant differences were found in five subjects, amongst them subject 10.
However, this particular subject obviously disliked SPEAK as she gave the
poorest scores possible on all three subscales. Scores for ACE were 5 to 85
points better (on the scale from 1 to 100). Therefore, we consider this subject
as having a significant preference for ACE too.
Subject ACE SPK ACE5 SPK5 ACE10 SPK10
1 95 96 68 57 64 63
2 90 85 65 88* 64 78
3 88* 65 50 60 60 61
4 57* 38 28* 0 31* 14
5 68 47 50 42 47 46
6 71 62 69* 45 66 53
7 81* 38 49 51 54 43
8 72 92* 38 40 40 57*
9 82 71 64 47 67 58
10 67 51 35* 14 56* 31
11 75 68 46 53 55 56
12 83 79 4 0 45 46
Table IV. Individual scores on the APHAB subscales EC, RV and BK in percentages for ACE and
SPEAK (SPK): the lower the score, the greater the benefit. Last column shows preference according to
the APHAB calculated from the difference composite score on the three subscales (p < 0.05). Note. ns:
no significant APHAB preference for one strategy; O see the text
Table V presents an overview of the initial coding strategy and the patient's
final choice. It can be seen that all the subjects in the SPEAK group preferred
the ACE strategy, while three subjects in the ACE group preferred the ACE
strategy. 
Table V. Overview of the first fitted coding strategy, the patient's final choice and its relation with
(significant) APHAB results and/or (significant) speech recognition (SR) scores
Further, it is indicated whether or not the patient's final choice is in agreement
with an eventual significant preference according to the APHAB questionnaire
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EC RV BK Preferred
Subject ACE SPK ACE SPK ACE SPK strategy
1 7 55 57 72 45 65 ACE
2 19 19 37 55 11 29 ns
3 23 62 56 89 52 87 ACE
4 15 5 25 12 25 23 ns
5 50 56 87 87 76 77 ns
6 25 31 85 87 64 75 ns
7 60 46 97 46 62 46 SPK
8 27 62 79 96 58 92 ACE
9 35 54 5 66 29 72 ACE
10 16 100 95 100 33 100 ACE0
11 12 100 59 100 58 100 ACE
12 75 14 65 30 62 27 SPK
Subject First Final choice In In
strategy accordance with contrast with
1 SPK ACE APHAB -
2 SPK ACE - -
3 SPK ACE SR/APHAB -
4 SPK ACE SR -
5 SPK ACE - -
6 SPK ACE - -
7 ACE SPK APHAB SR
8 ACE SPK SR APHAB
9 ACE ACE APHAB -
10 ACE ACE SR/APHAB -
11 ACE ACE APHAB -
12 ACE SPK APHAB -
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and an eventual significant improvement in speech recognition (SR) scores.
In the latter case, a significant improvement had to be present in at least two
of the measurement conditions as presented in Tables II and III.
Discussion
Obviously, most of the subjects preferred the ACE strategy (see column 3,
Table V). It is interesting to evaluate which factors played a role in this final
choice. According to Table V, the APHAB outcome was in accordance with
the final choice in subjects 1, 3, 9, 10 and 11, who preferred the ACE strategy,
and in two subjects 7 and 12, who preferred SPEAK. The APHAB results of
the other subjects 2, 5 and 6, were not clearly in favour of one of the two
strategies. In two subjects there was no agreement between the APHAB
results and the final choice: in subject 8 the APHAB result favoured ACE, but
the subject chose SPEAK. His final choice seemed mainly to be based on better
speech recognition scores with the SPEAK strategy (see Tables II and III).
Subject 4 had a better APHAB result with SPEAK, although not significant
at the 5% level, but preferred ACE. Again, this seemed to be based on the
significantly better speech recognition scores with the ACE strategy in all
conditions. 
The relatively short second trial period after swapping the first and second
strategies did not seem to influence the final choice. When designing the
study it was decided to take a short second trial for two reasons. Firstly, to
minimize the effect over a general learning effect and, secondly, to minimize
the consequences for subjects that disliked the second speech coding strategy.
As the final choice was not in favour of the initial choice for ACE or SPEAK,
it can be concluded that the short second trial period turned out to be of
minor importance. 
None of the subjects in the SPEAK group preferred the SPEAK strategy,
whereas three subjects in the ACE group preferred SPEAK. Aetiology or
duration of deafness (see Table I) in these three subjects could not explain
these outcomes. A re-evaluation of their APHAB results showed that subjects
7 and 12 found the SPEAK strategy 'more pleasant' because sounds were less
sharp. 
The present findings support Arlinger et al. (2000), who reported that subjective
preference and audiological variables do not necessarily cover the same
domains.  
Conclusion
Most of the subjects preferred the ACE coding strategy to the SPEAK strategy,
irrespective of the first trial strategy. Broadly speaking, speech recognition
scores in quiet and in noise obtained with ACE were the same or better than
those obtained with SPEAK. However, the SPEAK strategy should certainly
not be considered obsolete in view of the preference of three of the 12 subjects. 
Questionnaires and speech recognition tests cover different domains and
should be used in combination in order to gain more insight into reasons
behind subjective preference for speech coding strategies.
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Abstract
Speech recognition scores were obtained from subjects with a
cochlear implant using three different speech coding strategies.
Within-subject differences in speech recognition scores were related
to speech processing strategies by the CI processor and/or to
cortical processing. 
Electrodograms visualised intracochlear stimulation and were
used to quantify distinctive properties of speech contrasts. The
P300 potential was used to study cortical activity related to speech
discrimination. 
Electrodographic data showed minor differences in spectral energy
between speech coding strategies. However, cortical P300 laten-
cies correlate with speech recognition: subjects with significant
differences in speech recognition scores obtained with different
strategies had shorter P300 latencies for the strategy with the highest
speech recognition scores. Subjects with stable speech recognition
scores showed P300 latencies that were in the same range, irrespective
of strategy.
A positive relation was found between speech perception and
the cognitive P300 potential, but no relation with intracochlear
representation of the speech contrasts.
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Introduction
In the majority of deaf patients, who receive a cochlear implant (CI), electrical
stimulation of the cochlea enables speech perception. However, speech recog-
nition scores after cochlear implantation vary widely (Staller et al, 1997; Wilson,
2002) from chance level to almost 100% for open-set speech understanding.
Nowadays, more and more CI users reach open-set scores of 60% or more.
One reason for this is that modern CI systems are provided with several
advanced speech processing strategies, to enable more differentiated stimulation
of the cochlea. The Nucleus 24 cochlear implant system (Cochlear
Corporation) has three different speech coding strategies. These speech
coding strategies differ with respect to e.g. rate of stimulation per electrode,
number of electrode sites stimulated and stimulation sequence (Fishman et
al, 1997; Vandali et al, 2000; Clark, 2003). Studies on CI subjects have shown
that changing the speech coding strategy had significant effects on speech
recognition performance (Parkinson et al, 1998; Kiefer et al, 2001; Beynon et
al, 2003).
Teoh et al (2003) mentioned two factors that might explain why some speech
cues cannot be readily recognized by CI users: firstly, non-optimal processing
of the distinctive speech features by the CI processor and secondly, CI subjects
might not be able to effectively process all the information provided by the
implant. Cortical processing has been studied in the past by means of event-
related potential measurements. Kileny et al (1997) recorded late auditory
potentials in CI subjects and found a significant correlation between event-
related P300 responses evoked with tonal stimuli and behavioural sentence
scores (r = 0.71). Similar experiments performed with synthetic speech stimuli
instead of tones showed similar tendencies, but the results were not statistically
significant. Recently, Beynon et al (2005) have found a relation between P300
responses evoked with speech contrasts and the behavioural discrimination
of these speech contrasts in CI users.
The present study aimed to gain more insight into factors that may underlie
differences in speech recognition: 1) processing of speech sounds by the
speech processor and electrical presentation in the cochlea and 2) neural
processing of speech sounds. A number of Nucleus 24 CI users were selected
based on their speech recognition scores: four CI users were chosen because
there were significant differences in their speech recognition scores between
the three speech coding strategies and four CI users were chosen for reference
purposes. Their speech recognition scores did not depend on the speech coding
strategy used. Processing of distinct speech tokens was studied, viz. a vowel
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contrast and a consonant contrast.
Decoding of speech: electrodographic presentations
Speech sounds, a vowel contrast (/a/ vs /i/) and a consonant contrast (/ba/
vs /da/), were used to study speech processing by the CI. These speech contrasts
were chosen in view of the spectral content (formants) and temporal content
(formant transitions).
Spectrograms are often used to visualise the frequency distribution of speech
energy as a function of time. Vowels can be recognised by the steady-state
plateaus and the distinctive placement of their formants, while consonants
can mainly be recognised by their formant transitions and/or onset times.
Spectral energy of speech decoded by a CI processor can be visualised in a
temporal-spectral plot - comparable with a spectrogram - a so-called 'elec-
trodogram' (Lai et al, 2003). The main difference from a spectrogram is that
the vertical axis (frequency) is replaced by the electrode numbers. Successive
electrode numbers are associated with frequency bands of increasing central
frequency. The resolution of the horizontal axis (time) is the sample frequency
of the speech processor in that particular speech processing strategy. Two-
dimensional time-frequency electrodograms were produced in colors, the latter
to indicate intensity levels as the third dimension.
Neural processing: the cognitive P300 response
Electrically evoked auditory P300 potentials were obtained from the CI subjects
while they were using each of the three different speech coding strategies,
because it is assumed that the cognitive P300 response is a measure of dis-
criminative capacities (e.g. Coles et al, 1997). The most common methods to
evoke P300 responses is to use an 'oddball' paradigm. In this stimulation
paradigm, two stimuli occur in a sequence, but the probability that one
stimulus will occur is significantly smaller than that for the other. Typically,
the task of the subject is to count the rare stimuli. The response to a 'rare' or
deviant stimulus elicits a significantly larger positive potential around the
300 ms post-stimulus region than the response to the standard stimulus. The
P300 can be elicited by a variety of stimuli or events. The only requirements
are that the events have distinct onsets and that they can be distinguished.
Although event-related potentials have two-dimensional properties (amplitude
and latency), cortical processing has primarily been analysed by interpreting
the latency of the P300, because stimulus evaluation times are directly related
to latency (Gratton et al, 1990; Coles et al, 1997). The above-mentioned vowel
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and consonant contrasts were also used to study the P300. 
Methods and materials
Subjects
Speech recognition data were obtained from 15 postlingually deaf adults one
year after cochlear implantation. Eight of these subjects were selected for the
present study based on their speech recognition scores. 
In all fifteen CI users, the 22 electrodes had been inserted completely into the
cochlea. The stimulation mode was monopolar (MP1+2). Parameter settings
('mapping') for the three speech coding strategies were optimised per individual.
For the ACE strategy, a stimulation rate of 900 Hz per electrode was chosen
with 8 maxima; for the SPEAK strategy, a mean stimulation rate of 250 Hz per
electrode was chosen with an average of 6 maxima; for CIS, a stimulation rate of
1200 Hz per electrode was chosen with 8 or 12 maxima. The pulse width of the
stimuli was 25 ms in all three coding strategies. At the time of the measure-
ments, stable programmed mappings were available for all three coding
strategies.
Speech recognition scores were determined with lists of 50 monosyllables.
Monosyllables were chosen instead of bi-syllables or sentences to keep the
linguistic content low. The four subjects in Group A had speech recognition
scores that were significantly different between the three strategies, while the
four subjects in Group B had the same speech recognition scores, irrespective
of the speech coding strategy. The latter CI users served as a reference group.
Table I presents the speech recognition scores of these eight CI users. The best
speech recognition score (i.e. statistically significant compared to the poorest
score) of each individual subject in Group A is indicated by an asterisk.
Statistical significance was determined as described by Thornton and Raffin
(1978). 
Stimuli and electrodograms
The two speech contrasts used to obtain electrodograms and P300 measure-
ments were the vowels /i/ and /a/, and the consonants /ba/ and /da/. The
vowels /i/ and /a/ differed from one another in the centre frequencies of the
first, second and third formants. In the consonant contrast, /ba/ and /da/
differed from one another in the starting value and slope of the transitions of
the second and the third formants. 
To visualise the stimulation patterns of each speech token after processing by 
Table I. Subject characteristics. Duration of deafness in years and months, speech recognition as
percentage correct score. Significant highest scores (compared to poorest scores) are indicated with
an asterisk, according to Thornton & Raffin (1978), p < 0.05
the CI processor, electrodograms were constructed, using the Nucleus Matlab
Toolbox of N.I.C. (Nucleus Interface Communicator platform, Cochlear Ltd).
Each electrodogram comprised a spectrographic presentation over 22 bands
as a function of time (Lai et al, 2003). First, an 'optimal' electrodogram was
constructed, assuming that the dynamic range was not restricted, i.e. it was
equal to the maximum available dynamic range of the Nucleus 24 system,
viz. 255 current units. Optimal electrodograms were calculated for each speech
token. Figure 1 presents the electrodograms of a CI subject for one vowel (/i/)
and for one consonant (/ba/). Figures 1a and 1d show the electrodogram
obtained with the SPEAK strategy. Although the temporal resolution was
limited with a mean stimulation frequency of 250 Hz, there was adequate
spectral resolution. Distinction between the vowel formants is visible while
the formant transitions of the consonant stimuli are recognisable*. Figures 1b
and 1e show the electrodograms with the CIS strategy: the number of electrode
sites was set at 12. The temporal resolution is better than that for SPEAK, but
the formant transitions of the consonants are more difficult to recognise.
Figures 1c and 1f show the electrodograms obtained with the ACE strategy;
they were largely comparable with SPEAK, but the temporal resolution is
higher. Similar graphs were constructed for each patient using their individual
mappings.
To study how well the vowel contrast was processed by the speech processor,
the difference between the /i/ and /a/ electrodograms - the so-called contrast
electrodogram - was calculated by simply subtracting the numerical data
underlying the electrodograms point by point. The same was done for the
* see Fig. 2, Chapter 2
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gender age aetiology duration deaf      speech recognition [%]
Group A [yrs] [yrs;mths] SPEAK CIS ACE
#1 M 71 progressive e.c.i. 11;4 47 32 68 *
#2 F 48 progressive e.c.i. 4;2 28 59 74 *
#3 F 51 progressive e.c.i. 0;8 10 72 78 *
#4 F 68 progressive e.c.i. 5;7 32 11 54 *
Group B
#5 F 39 progressive e.c.i. 2;3 96 88 95
#6 F 19 progressive e.c.i. 2;7 78 90 87
#7 F 59 progressive e.c.i. 4;2 31 32 24
#8 F 52 progressive e.c.i. 0;6 71 66 74
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consonant stimuli /ba/ and /da/. Thus, for each subject, individual contrast
electrodograms were constructed with the three speech coding strategies
ACE, SPEAK and CIS. 
The P300 measurements
P300 measurements were performed in a room with low reverberance, while the
subjects were seated in a comfortable chair. The loudspeaker that presented the
speech contrasts was placed at a distance of 1 m. in front of the subject.
Standard stimuli occurred at a probability rate of 85%, while deviant stimuli
were presented at random for the remaining 15%; loudness level was 70 dB
(SPL). The interstimulus interval was fixed at 2 seconds. For a detailed
description, see Groenen et al. (2001). 
The active recording electrode was fixed at CPz; one reference electrode was
placed on the nose and one on the cheek (ground electrode) contralateral to
the implant side. A Medelec ER94 evoked potential measurement system was
used for acquisition and averaging. Subjects were instructed to count the
deviant stimuli aloud. 
The P300 peak was identified as a positive peak in the difference wave, i.e. the
result of subtracting the response to the standard stimulus from the response
to the deviant stimulus. Positivity in the 250-500 ms post-stimulus region of
the difference wave was defined as P300.
When analysing strategy-dependent differences between P300 measurements,
it is important to determine whether a difference in amplitude or latency is
statistically significant. Previously determined 95% critical differences for
latency shifts and amplitudes were applied*. 
Results
To analyse the processing of speech contrasts by the CI speech processor, we
firstly calculated contrast electrodograms of the stimuli /i/ and /a/ for each
of the three speech coding strategies and for each CI user. Contrast elec-
trodograms were reduced to one single figure by summing the absolute value
of all the underlying numerical values over the electrodographic field. Then,
the mean absolute difference was calculated for each strategy and each sub-
ject.
To minimise the effect of low redundant spectral information, a region of
interest (ROI) was defined instead of summing data from the whole elec-
trodogram. The ROI for the vowels was defined at between 50 and 100 ms 
* Appendix A, Chapter 5
Figures 1a-f. Electrodograms of a vowel (/i/) and a consonant (/ba/) stimulus processed by SPEAK
(a-d), CIS (b-e) and ACE (c-f). Intensity is displayed using a ten level colour scale, starting from black
(i.e. no energy) through red, orange, yellow to white (i.e. high stimulation intensity). The vertical axis
represents electrode number/ frequency (left/right axis); the horizontal axis represents time in ms
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(see Fig. 1), i.e. the steady-state period. A larger ROI was defined for the con-
sonant contrast, because the distinctive features of consonants are highly
determined by the time-dependent formant transitions. Therefore, the ROI
was defined at between 40 and 140 ms. 
The mean calculated absolute difference value over the ROI in the contrast
electrodogram was named '∆(ELG)'. Thus, ∆(ELG)  values were calculated for
the two speech contrasts and the three strategies for each subject. Table II
presents these data.
Is speech recognition prim
arily related to the output of the CI speech processor or to neural processing?
107
Figures 2a-f. Typical contrast electrodograms of the vowel (a-c) and the consonant (d-f) stimuli with the
three different speech coding strategies
Table II. Individual mean absolute electrodogram differences for the vowel and consonant stimuli
Group A SPEAK CIS ACE SPEAK CIS ACE
#1 25.4 15.6 26.1 7.0 4.6 7.9
#2 22.2 16.2 27.7 6.1 4.7 8.4
#3 25.9 14.1 27.4 7.1 3.2 8.2
#4 21.2 10.7 22.8 5.9 2.4 6.8
mean (sd) 23.7 (2.3) 14.1 (2.5) 26.0 (2.2) 6.5 (0.6) 3.7 (1.1) 7.8 (0.7)
Group B
#5 25.7 17.3 26.0 6.9 5.0 8.0
#6 22.2 15.9 25.9 6.1 4.6 7.8
#7 22.7 15.0 24.4 6.2 4.3 7.4
#8 24.6 14.0 26.8 6.8 3.3 8.2
mean (sd) 23.7 (1.4) 15.6 (1.4) 25.7 (1.0) 6.5 (0.4) 4.3 (0.7) 7.9 (0.3)
vowel contrast [%] consonant contrast [%]
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Figure 3 shows typical examples of the P300 responses, obtained with the
three different speech coding strategies in response to the two speech contrasts.
By subtracting the response to the deviant stimulus from the response to the
standard stimulus, a difference trace was produced.
Figures 3a-c. Typical ERP recordings (subject #6): the left graph shows averaged responses to the vowel
contrast (a: obtained with ACE; b: obtained with SPEAK) and the consonant contrast (c: obtained
with CIS); the response to the standard stimulus is indicated by a thin line; the response to the
deviant stimulus is indicated by a thick line. The right hand side shows the difference trace (aver-
aged response to the deviant response minus that to the standard response); a positive peak can be
recognised in figures a and b, defined as the P300 response
The latencies of the P300 peaks were determined from the difference traces.
Table III lists the latencies per CI user and per strategy. In Group A, an asterisk
indicates P300 latencies that were significantly delayed compared to the best-
measured value in the same subject.
Table III. P300 latencies of CI subjects for vowel and consonant contrasts with the three different speech
coding strategies. Significantly short latencies are indicated with an asterisk (p < 0.05).
n.r. = non-interpretable P300 response
Speech recognition scores were studied in relation to the ∆(ELG) and P300
latencies. The data presented in Tables I, II and III were combined, pooled
over subjects and speech coding strategies. Pearson's correlation analysis
showed that speech recognition scores were not related with the ∆(ELG) for
the vowel stimuli (r = 0.24, p = 0.25, n = 24) or for the consonant stimuli (r =
0.30, p = 0.28, n = 24). Conversely, significant associations were found
between speech recognition scores and P300 latencies: r = -0.73 (p < 0.001,
n = 24) for the vowel stimuli and r = -0.74 (p < 0.002, n = 15) for the consonant
stimuli. The latter correlation coefficient was affected by the fact that no
reproducible P300 peaks were detected in nine of the observations. When the
missing P300 latencies were replaced by a high, unfavourable value (500
ms), non-parametric Spearman's rank correlation coefficients between the
speech recognition scores and P300 latencies still showed a highly significant
correlation coefficient (r = -0.75, p < 0.001, n = 24).
Correlation analysis also showed a strong mutual relation between the ∆(ELG)
for the vowel stimuli and consonant stimuli (Pearson's rho = 0.98, n = 24, p <
0.001). In addition, significant relations were found between the P300 latencies
of the vowel stimuli and the consonant stimuli (Pearson's rho = 0.73, n = 15,
p = 0.002). These significant correlations suggest good internal consistency.
Figures 4a-b presents these relations. Linear regression analyses also show a
statistical significant relation (p < 0.01).
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P300 latency vowel [ms] P300 latency consonant [ms]
Group A SPEAK CIS ACE SPEAK CIS ACE
#1 400 446 338 * 486 n.r. 436 *
#2 370 340 320 * 448 n.r. 444
#3 396 380 376 n.r. n.r. n.r.
#4 312 382 314 * 442 n.r. 440
Group B
#5 286 300 271 350 348 304
#6 312 302 326 400 414 402
#7 404 392 402 n.r. n.r. n.r.
#8 318 300 268 422 442 390
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Figure 4. Scatter plots of ∆(ELG) for vowels versus consonants (a) and P300 latencies for vowels versus
consonants (b)
Discussion
The main goal of the study was to determine whether differences in speech
recognition were related to cortical representation of speech contrasts - studied
with P300 measurements - and/or whether they could primarily be attributed
to differences in intracochlear stimulation as quantified by the electrodograms.
We chose to compare data obtained from two groups of CI users: Group A
comprised subjects who showed significant differences in speech recognition
scores between the three different speech coding strategies, while Group B
comprised subjects who had the same speech recognition score, irrespective
of the speech coding strategy. Electrodograms of speech contrasts were
reduced to one single value: ∆(ELG). Our data suggested that on a group
level, ∆(ELG) had no significant relation with speech recognition. Thus, it is
possible that the way in which speech is processed by the Nucleus CI processor
has no direct relation with speech perception.
To assess the role of cortical processing, we measured the P300 event-related
potential. Our results did indeed suggest a relation between the latency of the
P300 potential and speech perception.
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Analysis on an individual level (Table I) showed that in Group A, the (statis-
tically significant) poorest speech recognition scores were obtained with CIS
in subjects 1 and 4 and with SPEAK in subjects 2 en 3. ACE gave the best
scores in all four subjects. In Table II, the ∆(ELG)  values for the poorest
speech recognition condition of subject 1 (CIS) as well as for the poorest
speech recognition conditions of subjects 2 and 3 (SPEAK) were well within
the range of those in Group B. This conclusion is valid for the vowel as well
as for the consonant data presented in Table II. Subject 4, who had poor
speech recognition scores with CIS, showed the lowest ∆(ELG)  values for the
vowel and consonant stimuli (10.7 and 2.4, respectively), outside the range of
Group B data. However, lower ∆(ELG)  values were also found for her best
strategy, ACE (22.8 and 6.8, respectively). This evaluation indicates that elec-
trodographic differences do not explain the obvious differences in speech
recognition scores.
Table III shows the P300 latencies of the Group A subjects obtained with the
vowel contrast. The latencies of the best strategy (viz. ACE in all four subjects,
see Table I) had the most favourable values. No firm conclusions can be
drawn about the consonant contrast, because there were too many missing
values. 
The within-subject evaluations suggested that the processing of speech by the
CI processor did not directly affect speech recognition. However, Table I
clearly shows that in Group A there is an evident, indirect relation.
Apparently, according to the P300 latency values (Table III), some of the
patients could process decoded information much more effectively with one
speech processing strategy than with another. Although several studies
reported that speech coding strategies had an impact on speech perception
(Parkinson et al, 1998; Kiefer et al, 2001; Beynon et al, 2003), these findings
might not only primarily rely on technical speech processing by the CI. When
the electro-neural interface between the CI stimulator and the auditory neural
system is not optimal and speech signals are inadequately transmitted to
the auditory nerve, it is still possible to evoke a P300 response. (Sub)cortical
cognitive activity might compensate to achieve better speech recognition. 
Conclusion
Speech recognition scores were found to be associated with auditory cortical
P300 latencies. No direct relation could be established between speech recogni-
tion and the output of the speech processor, as quantified by electrodograms. We
are aware that only a limited number of subjects were involved in the present
study.
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Abstract
Objective: Auditory event-related potentials (ERPs) evoked with
speech stimuli (one vowel and one consonant contrast) were
obtained with three different speech coding strategies from 15
postlingual cochlear implant subjects, to assess changes in auditory
neural activity over time after cochlear implantation.
Study design: Two series of repeated measurements: the first
within one week after initial speech processor fitting and the
second six months later. 
Main outcome measures: Changes in N2d, P300 and N3d mor-
phology were analysed over time in each subject and for each
speech coding strategy. ERPs obtained with the three speech coding
strategies were studied, one of which was the strategy that has
been used daily by the subject for at least five months, according
to his/her preference.
It was hypothesized that any changes in neural cortical activity
over time were due to the electrical stimulation and learning
effects. It was assumed that the largest morphological changes in
ERPs would be found with the preferred strategy.
Results: Interpretable and reproducible ERPs were obtained easily
from the majority of the subjects with the two contrasts at the first
and second measurements; ERPs obtained with the consonant
contrast were more pronounced at the second measurement. 
Conclusion: After six months of CI use, latencies had decreased and
amplitudes increased with all three speech coding strategies in
response to the vowel and consonant contrasts. Stimulus evaluation
times, i.e. peak latencies, were significantly shorter for the P300
potential obtained with the preferred strategy. Nevertheless, some
subjects showed obvious development in ERPs over time with the
other two (non-preferred) speech coding strategies. This indicat-
ed, besides a strategy-dependent habituation effect, general strate-
gy-independent neural developmental changes due to electrical
stimulation.
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Introduction
Event-related EEG responses can be used to assess cognitive dysfunction
(Polich, 1998). One of the most renowned cognitive potentials applied in clinical
practice - the P300 potential - is currently being used to measure aging effects
and mental impairment (e.g. Heidrich et al., 1997; Henkin et al., 2002). It has
also been used to assess more specific cognitive tasks, such as subtle speech
perception in deaf patients after cochlear implantation. The P300 response is
elicited using a discrimination task. Two stimuli are presented in a random
order and one of the two stimuli occurs relatively infrequently. The subject is
asked to distinguish between the two different stimuli by responding to the
target stimulus (e.g. by counting) and not to the standard stimulus. Since the
discovery of the P300 potential (Sutton et al., 1965), several studies have
shown that particularly the latency increased in patients whose cognitive
functions were impaired. 
Alternatively, it is possible to record the cortical Mismatch Negativity
(MMN) potential that can be elicited without the subject paying any active
attention to the stimuli (Näätänen, 1995). Kraus et al. (1995) suggested the
MMN as an index for the discrimination of speech sounds in cochlear implant
(CI) subjects. However, Wable et al. (2000) could not confirm the value of the
MMN in their CI patients. Dalebout et al. (2001) studied the MMN in subjects
with normal hearing and found that the main disadvantage was a poor signal
to noise ratio that complicated its clinical applicability. 
A few studies have investigated auditory evoked P300 responses as a measure
of stimulus discrimination in CI users. Most of these studies made indirect
comparisons between P300 measures and subject performance (Kileny, 1991;
Micco et al., 1995; Kileny et al., 1997; Jordan et al., 1997; Groenen et al., 2001;
Beynon et al., 2002). 
Little is known about changes in late evoked potentials to measure neural
activity in patients whose period of deafness was followed by cochlear
implantation. As far as we know, only Kaga et al. (1991) reported on the
longitudinal auditory neural development of one (single-channel) CI user,
using the P300 response. They compared P300 responses obtained with tonal
and speech stimuli measured at three and six months after surgery and found
a morphological change in the P300 response in this subject, i.e. a ‘more clearly
recognized P300’ after six months. This clear P300 potential was considered
to reflect the neural development of perceptive and cognitive activity. 
Ponton et al. (1996a; 1996b) studied the maturation of human cortical auditory
function in children with a CI. They showed that maturation was comparable
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with that of children with normal hearing when the periods of hearing were
the same (in CI users: chronological age minus duration of deafness). They
suggest that besides developmental delay, auditory deprivation does not
cause any permanent damage in these children when implanted relatively
early.
The aim of the present study was to assess changes in auditory neural activity
over time after cochlear implantation by studying cortical event-related
potentials evoked with speech stimuli. Two series of measurements were
performed in postlingually deaf adults. It was hypothesized that any changes
in neural cortical activity over time were due to the electrical stimulation and
learning effects. The subjects in this study were using the Nucleus device that
offers the opportunity to choose between three different speech coding strategies.
Changes over time were studied with each of the three strategies, one of
which was the strategy that has been used daily by the subject, according to
his or her preference. It was assumed that the largest morphological changes
would be found with the preferred strategy, which was used daily.
Methods
Subjects
Event-related potentials were obtained from 15 successive postlingually deaf
adult Nucleus 24 cochlear implant users. All the subjects participated on a
voluntary basis and the maximum number of 22 electrodes had been inserted
completely without any complications. The Nucleus 24 system offers the
opportunity to choose between three different speech coding strategies,
called SPEAK, ACE and CIS (Vandali et al., 2000). In all CI subjects, the
stimulation modes were monopolar (MP1+2). Parameter settings for the
speech coding strategies were: for ACE - a stimulation rate of 900 Hz per elec-
trode with 8 spectral maxima (maximum stimulation rate of 7200 Hz; SPEAK
- a mean stimulation rate of 250 Hz per electrode with an average of 6 maxima
(maximum stimulation rate of 2500 Hz); and CIS - a stimulation rate of 1200
Hz per electrode with 12 maxima (maximum stimulation rate of 14400 Hz).
The biphasic pulse width of the stimuli was fixed at 25 ms with an inter-phase
gap of 8 ms for all three coding strategies. Initial speech processor fittings had
taken place four to five weeks after surgery. All three speech coding strategies
were optimized individually according to conventional CI-fitting procedures. 
Electrically evoked auditory cortical potentials were measured within one
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week after the first speech processor fitting and repeated six months later. By
the time of the second measurement, all the subjects had been showing
preference for one specific speech coding strategy for at least five months,
despite the fact that the parameter settings of the two non-preferred strategies
had been updated regularly during follow-up. One week before the second
ERP measurements took place, the parameters of all three coding strategies
were checked for the last time and fine-tuned if needed. 
Various CI patient characteristics are shown in Table I. To control for systematic
changes over time, ERP data from a control group of 10 adults with normal
hearing (mean age 45 years, range from 21 to 66 years; 4 women, 6 men) were
recorded under the same conditions as those in the CI group at the time of the
first measurement and six months later. All the ERP measurements (CI users
and controls) were analysed in the same way.
Table I. Characteristics of the CI subjects
Stimuli
Auditory cortical potentials were evoked using speech stimuli. To obtain a
P300, an ‘oddball paradigm’ was used, in which an unexpected stimulus
occurred in a series of expected stimuli (Donchin et al., 1988). Two speech
contrasts were used: one vowel contrast with the vowel /i/ as the standard
stimulus and the vowel /a/ as the deviant stimulus, and one consonant
# Gender Age Aetiology Duration of deafness
[yrs; months] [yrs; months]
1 F 22;1 progressive e.c.i. 20;1
2 M 28;4 progressive e.c.i. 3;3
3 F 55;7 progressive e.c.i. 6;9
4 F 66;4 progressive e.c.i. 5;7
5 F 50;8 progressive e.c.i. 0;8
6 F 49;6 progressive e.c.i. 4;2
7 F 52;8 congenital 10;6
8 F 31;7 progressive e.c.i. 19;7
9 M 68;2 otosclerosis 9;9
10 F 16;7 progressive e.c.i. 2;7
11 M 69;8 trauma 18;8
12 M 70;0 meniere 10;1
13 M 59;3 progressive e.c.i. 4;2
14 F 65;1 meniere 3;1
15 F 51;8 progressive e.c.i. 2;6
mean 50;6 8;2
range 16;7 - 70;0 0;8 - 20;1
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contrast with /ba/ as the standard and /da/ as the deviant stimulus.
Construction, manipulation and resynthesis of the two stimuli have been
described elsewhere (Groenen et al, 2001).
Test procedure
All the measurements were performed in a soundproof room with low rever-
beration. Subjects were seated in a comfortable chair at a distance of 1 m in
front of a loudspeaker. Standard stimuli occurred at a probability rate of 85%,
while deviant stimuli were presented at random in 15% of the cases (oddball
paradigm). The interstimulus interval was fixed at two seconds. Each deviant
stimulus was followed by at least two standard stimuli before the next deviant
stimulus was presented. Blocks consisted of 220 stimuli and the presentation
time was approximately 8 minutes. In every block of 220 stimuli, the first 20
stimuli were standard stimuli, followed by 30 deviant stimuli embedded at
random in 170 standard stimuli. 
In accordance with the 10-10 system (Nuwer et al., 1998), the active recording
electrode was placed just posterior to the vertex at CPz. The reference electrode
was placed on the nose with a ground electrode on the cheek contralateral to
the implant in the CI subjects, or on the right cheek in the subjects with normal
hearing. A personal computer was used to generate the stimulus and to trigger
an evoked potential system (Medelec ER94, Oxford Instruments). Analysis
time was set at one s with on-line EEG filter settings that ranged from 1 Hz
(high pass) to 125 Hz (low pass). Measurements with artifacts caused by eye
movements were excluded from the average. ERP recordings were averaged
and low pass filtered digitally off-line with a cut-off frequency of 25 Hz.
Two blocks of 220 stimuli were presented (repeated measurements). Before
making the actual recordings, a practice run of at least 24 stimuli was used
with feedback. Subjects had their eyes closed during the measurements and
were instructed to count the deviant stimuli aloud. 
Data analysis
The difference trace, i.e. the response to the standard stimulus minus the
response to the deviant stimulus, was used for peak interpretation. Two
experienced audiologists made independent assessments of the difference
trace and visually identified the ERPs. In addition, the evident negative peaks
that preceded and followed the P300 potential in the difference trace were
also identified and named N2d and N3d, respectively. N2d originates from
differences in morphology of the N2 peak as present in the deviant and
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standard traces; N2 morphology is directly related to physical properties of
the stimuli. In addition, the MMN might contribute to the N2d. The N3d is a
late potential caused by a negativity that occurs in the deviant trace (see
Figure 1). The N3d might result from cortical activity related to the response
task for the patient.
The P300 peak was identified as positivity on the difference trace in the 250-
500 ms region post-stimulus onset. Latency and amplitude of the three peaks
were used for data analysis. Latency was defined as the time between the
stimulus onset and the maximum deflection of the peak; the amplitude was
determined at the same moment. Per subject, this resulted in three peak latencies
and amplitudes for the three speech coding strategies.
To evaluate the differences in amplitudes and latencies between the first and
second measurements, paired sample t-tests were performed after the data
had been checked for normality and homogeneity (SPSS, version 11.0). Paired
sample tests were also performed to calculate between-strategy differences.
To evaluate the relation between the different peaks over time, correlation
coefficients of peak amplitudes and peak latencies were calculated using non-
parametric correlation testing (Spearman’s rho). 
Results
As expected, the first and second measurements in the adults with normal
hearing showed consistent and reproducible peaks in response to both
contrasts. There was no change over time, which excluded systematic measure-
ment effects. ERPs could be obtained from the CI subjects in most of the
conditions: Figures 1a-c (left graphs) present typical examples of responses to
a vowel contrast recorded from a CI subject at the first measurement with the
three different speech coding strategies (ACE, SPEAK and CIS). The recordings
obtained from the same subject six months later are shown in Figures 1d-f
(right graphs). 
At the first measurement, the majority of CI subjects showed consistent and
reproducible ERPs to both contrasts, but not in all conditions. In response to
the vowel contrast, the N2d component was identified in 39 out of a total of
45 observations (15 subjects x 3 coding strategies; 87%), a P300 component in
42 observations (93%) and a N3d component was identified in 37 observa-
tions (82%). Responses to the consonant contrast were less evident. The N2d
was identified in 20 out of a total of 45 averages (44%), a P300 component was
identified in 24 observations (53%) and a N3d was identified in 16 observations
(36%). Tables II a-b show overviews of the responses to the vowel (a) contrast
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and the consonant (b) contrast per coding strategy.
Figure 1. Examples of ERPs obtained from one CI subject (#4) in response to the vowel contrast with
three speech coding strategies (a+d: ACE; b+e: SPEAK; c+f: CIS). Responses to the standard stimulus
are indicated with a thin line, while the response to the deviant stimulus is indicated with a thick line.
Graphs on the left show the responses at the first measurement (1); graphs on the right show the
responses at the second measurement (2) six months later
Tables III a-b show an overview of the mean amplitudes, latencies and standard
deviations of the ERPs obtained from the controls and the CI group at the first
and second measurements. Some CI outcomes were hampered by the limited
number of reproducible data. All the subjects in the control group showed
consistent P300 peaks (no missing data).
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Table II. Percentages of reproducible peaks per coding strategy in response to the vowel contrast (a)
and the consonant contrast (b) at the first and the second measurement
Table III. Mean amplitudes, latencies with standard deviations of the ERPs obtained from the control
and CI subjects in response to the vowel contrast (a) and the consonant contrast (b) at the first and second
measurements. Note.  * p < 0.05 ; ** p < 0.01 (Insert Tables III a-b)
After six months of device use, the CI subjects showed more consistent and
reproducible ERPs. The N2d, P300 and N3d peaks could be identified on
many more recordings. In response to the consonant contrast, the N2d could
now be identified on 71% of the recordings (was 44%), the P300 on 73% (was
a. Vowels:
N2d P300 N3d N2d P300 N3d
ACE 87 93 93 93 93 80
SPEAK 93 100 80 93 93 80
CIS 80 87 73 93 100 80
mean CI 87 93 82 93 96 80
Control 90 100 100 90 100 100
b. Consonants:
N2d P300 N3d N2d P300 N3d
ACE 53 60 33 80 80 67
SPEAK 47 53 40 73 73 67
CIS 33 47 33 60 67 33
mean CI 44 53 36 71 73 56
Control 90 100 90 90 100 90
First measurement Second measurement
First measurement Second measurement
Second measurementa. Vowels First measurement Second measurement b. Consonants First measurement
N2d P300 N3d N2d P300 N3d N2d P300 N3d N2d P300 N3d
ACE ACE
Amplitude -5.6 7.4 -7.4 -4.0 10.9 -12.7 Amplitude -2.1 2.3 -2.2 -3.6 6.1 -8.2
sd 5.1 5.4 7.1 2.4 9.2 15.6 sd 2.4 2.1 3.4 2.5 7.9 10.2
Latency 233 352 488 223 311 ** 456 * Latency 309 439 531 272 382 * 504
sd 36 34 56 27 39 71 sd 61 37 103 53 55 98
SPEAK SPEAK
Amplitude -5.8 7.9 -4.5 -5.7 9.7 -9.9 * Amplitude -1.6 2.2 -2.6 -2.5 * 4.0 * -5.4
sd 3.9 3.6 6.4 3.7 4.7 10.2 sd 1.7 2.4 3.7 1.6 3.8 6.8
Latency 233 359 502 229 337 * 496 Latency 274 398 500 257 361 468
sd 27 58 72 26 42 56 sd 49 55 57 46 64 80
CIS CIS
Amplitude -4.6 8.1 -8.0 -5.4 9.8 -11.3 Amplitude -1.4 2.8 -4.5 -2.7 3.6 -4.7
sd 3.2 5.9 9.9 4.0 7.8 11.0 sd 1.7 4.2 7.3 1.7 4.7 8.6
Latency 236 363 500 241 349 505 Latency 304 431 532 331 422 517
sd 30 57 64 30 40 54 sd 56 67 79 42 54 80
Control Control
Amplitude -6.0 10.9 -7.3 -8.1 10.8 -6.5 Amplitude -4.4 9.0 -6.2 -6.5 11.7 -6.0
sd 2.7 4.1 4.5 3.0 4.4 3.8 sd 2.4 3.7 3.5 2.4 3.5 3.5
Latency 200 313 430 206 326 436 Latency 280 403 533 284 392 536
sd 23 21 34 24 33 46 sd 23 35 22 20 33 29
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53%) and the N3d on 56% (was 36%). Tables II a-b give an overview of the
percentage of reproducible ERPs obtained at the second measurement with
the three different coding strategies.
Paired sample t-tests were performed to calculate statistically significant
differences in ERP measures between the first and the second measurements
in all the subjects with reproducible responses at both evaluations.
Amplitudes and latencies of the two series of N2d, P300 and N3d peaks were
compared. Data revealed a statistically significant change over time, indicated
with asterisks in Tables III a-b. The N2d response to the consonant contrast
showed a significant increase in amplitude after six months with SPEAK (p =
0.03, n = 11), while the P300 response showed significantly shorter latencies
after six months with ACE (paired sample t-tests, p < 0.01, two-tailed) in
response to the vowel (n = 13) and the consonant (n = 9) contrast. A statisti-
cally significantly shorter P300 latency was also found with SPEAK in
response to the vowel contrast (p = 0.03, n = 14), while a higher P300 amplitude
was found in response to the consonant contrast (p = 0.02, n = 11). In addition,
a significantly shorter N3d latency was found with ACE in response to the
vowel contrast (p = 0.02, n = 11), while the N3d amplitude had become sig-
nificantly larger with SPEAK (p = 0.05, n = 15). None of the other measure-
ments had changes significantly over time.
In a number of cases, no reproducible responses were obtained at the first
measurement, whereas six months later, reproducible peaks could be identified.
In order to include these data, the analysis was repeated: the amplitude of the
non-identifiable peak of the first recording was set at 0 and its latency was set
at the poorest latency found in any of the patients plus 10% (arbitrary choice).
Then, the data were re-analysed using the non-parametric Wilcoxon Signed
Rank test on two related samples (SPSS 11.0). The results still showed statisti-
cally significantly shorter (better) P300 peak latencies after six months in
response to the vowel contrast with the ACE strategy (p = 0.02, n = 15) and
larger N3d amplitudes with SPEAK (p = 0.04, n = 15). The consonant data
revealed statistically significant changes in all the N2d and P300 amplitudes
and latencies with ACE and SPEAK (all p-values < 0.05, n = 15).
Inter-peak relations within strategies
To find out whether the N2d, P300 and N3d measures were redundant, inter-
peak relations in response to the separate speech contrasts were calculated
using Spearman’s correlation coefficients. Analysis of the CI data obtained
after six months of CI use showed several significant inter-peak correlations.
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First, in response to the vowel contrast, the latencies of the different peaks did
not show any statistically significant inter-peak relations (p > 0.05), whereas
a significant relation was found between the amplitudes of P300 and N3d
with all three coding strategies (ACE: r = -0.67, p < 0.01; SPEAK: r = -0.67, p
< 0.01; CIS: r = -0.59, p < 0.05). 
In response to the consonant contrast, the latencies of N2d and P300 were
significantly correlated with all three strategies (ACE: r = 0.68; SPEAK: r =
0.75; CIS: r = 0.96, all p < 0.01), while the P300 and N3d were significantly
correlated with ACE and SPEAK (r = 0.71, p < 0.05 and r = 0.91, p < 0.01,
respectively). This suggests that, concerning the latencies, the three ERP
components obtained in response to the consonant contrast resemble redundant
information. Significant inter-peak relations were also found for the amplitudes
of P300 and N3d, which showed negative correlations with two strategies
(SPEAK: r = -0.71, p < 0.05; CIS: r = -0.77, p < 0.05). 
Inter-strategy relations between concomitant peaks
Inter-strategy relations were calculated for each of the three peaks. Table IV
shows Spearman’s correlation coefficients for the vowel contrast, using the
data obtained at six months. For several peak amplitudes and peak latencies,
significant correlations were found between the strategies. Similar analyses
were performed for the consonant contrast, but less significant correlations
were found: only the N2d amplitude correlated significantly between ACE
and SPEAK (r = 0.69, p < 0.05) while the P300 latency correlated significantly
between ACE and CIS (r = 0.80, p < 0.01). These data suggest that the consonant
contrast is more effective than the vowel contrast to distinguish between
speech coding strategies.
Table IV. Inter-strategy relations (Spearman’s correlation coefficients) for ERPs obtained in response to
the vowel contrast after six months of CI use. Significant correlations between the strategies for several
peak amplitudes and peak latencies are indicated with an asterisk (* p < 0.05; ** p < 0.01)
inter-strategy N2d ampl N2d lat P300 ampl P300 lat N3d ampl N3d lat
ACE-SPK 0.42 0.68 ** 0.82 ** 0.47 0.83 ** 0.76 **
SPK-CIS 0.60 * 0.81 ** 0.46 0.69 ** 0.52 0.79 **
CIS-ACE 0.50 0.63 * 0.62 * 0.32 0.70 ** 0.84 **
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Influence of specific strategy use
The preferred strategy that was being used by the majority of subjects was
ACE (n = 13). Subject #6 preferred SPEAK and subject #7 preferred CIS. Re-
analysis of the data on the 13 CI users who preferred ACE did not influence
the relations as reported for the whole group.
The P300 data on subjects #6 and #7 for the vowel contrast indeed showed
that the changes in P300 latency (i.e. first measurement minus second
measurement) were largest for their preferred strategies (#6: 44 ms with
SPEAK; #7: 104 ms with CIS), which suggested similar learning effects as
those found in the subjects who preferred ACE. Owing to too many missing
data, the consonant data in these two subjects could not be analysed.
Figure 2. P300 latency changes in response to the vowel (left) and consonant contrasts (right) in two
subjects: subject #6 was using SPEAK; subject #7 was using CIS.  P300 responses were not always rec-
ognizable for the consonant contrast (‘n.a.’): no responses could be obtained with CIS in subject #6 at
the second measurement; subject #7 only showed a reproducible P300 at the second measurement (after
six months) with CIS and no interpretable responses with SPEAK at either of the measurements in
response to the consonant contrast
Discussion
The CI subjects showed consistent and reproducible ERPs with at least one
speech coding strategy in response to the vowel stimuli and/or consonant
stimuli. The aim of the study was to investigate changes in auditory perception
over time quantified by event-related potentials evoked with speech stimuli.
The first hypothesis was confirmed: auditory cortical activity changed due to
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electrical stimulation with a cochlear implant. The number of identified
peaks increased substantially; see Table II. The table shows that the most
pronounced improvement is found for the consonant contrast. Further, it
shows that the N3d peak could be identified less often than the other two
peaks. Generally, amplitudes of the peaks increased over time and the latencies
became shorter; see Table III. Significant changes over time were found for
ACE and to a somewhat lesser extent for SPEAK. Also for CIS, improvements
over time were seen, however, they were not significant for any peak.
The analysis of inter-peak relations, within speech-coding strategies, showed
that N2d and N3d measures were significantly related to P300 measures for
the consonant contrast. For the vowel contrast, a significant relation was only
found for P300 and N3d amplitudes. Because of the significant relations
between P300 and N3d, and the relatively low incidence of identifiable N3d
peaks, it is concluded that there is no additional value in analyzing N3d
peaks. Further evidence is found in Table IV. This table shows that N3d
measures obtained with either SPEAK, ACE or CIS, are significantly related,
especially their latencies. Thus, N3d does not seem to be strategy specific.
This table shows that the same is true for the N2d latencies, suggesting that
this measure is also not strategy specific. Further, as Table III shows that the
P300 is more sensitive to changes over time than N2d, there seems to be little
reason to supplement P300 peak analyses with N2d peak analyses. However,
it should be noted that, in contrast to the P300, the N2d origin is at least
exogenous; it remains to be seen whether the N2d recorded under non-
attending conditions is useful in longitudinal studies.
The second hypothesis was confirmed: improvements in ERP measurements
were more explicit with the speech coding strategy that the subjects were
using daily than with the other two strategies. The CI subjects had been using
one of the three strategies (their preference) for at least 5 months.
Nevertheless, morphological changes in ERPs were also found with the other
two strategies (Table III). On average, ACE and SPEAK showed significant
changes in ERPs after six months in response to both speech contrasts, whereas
CIS did not, possibly because the SPEAK strategy has more in common with
ACE than with CIS (Vandali et al., 2000). 
In order to obtain a more homogenous group, statistical analysis was repeated
on the data from the thirteen subjects who used preferred ACE. Analyses of
the responses to the vowel contrast showed significantly shorter P300 latencies
with ACE only; this suggested that morphological changes were most pro-
nounced with the preferred strategy. Data obtained in response to the consonant
contrast showed significant changes in N2d and P300 amplitudes and latencies
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with ACE, but also with SPEAK after six months of CI use. Improvements in
the ERPs obtained with the CIS strategy just showed a trend. All the poten-
tials improved over time in most of the subjects with each of the three strategies,
which implied that, besides a strategy-dependent learning effect, general
developmental changes occurred due to electrical stimulation.
Conclusions
Event-related potentials were evoked in all the CI subjects. Latencies
decreased and amplitudes increased in response to vowel and consonant
contrasts between the first measurement shortly after fitting the speech
processor and the second measurement after six months of CI use. Stimulus
evaluation times were significantly shorter for the P300 potential obtained
with the strategy that was being used daily by the CI subjects (preferred
strategy). Nevertheless, in several subjects, improvements in ERPs were also
found over time with the other two speech coding strategies, which indicated
a general strategy-independent learning effect.
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CHAPTER9 
GENERAL DISCUSSION
Parts of this chapter are published as:
Beynon AJ & Snik AFM
Use of the event-related P300 potential in cochlear implant subjects for the
study of strategy-dependent speech processing
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9.1 Event-related potential measurements in CI subjects
Obtaining P300 potentials from CI subjects
The studies presented in this thesis confirm the possibility to evoke a cognitive
P300 potential in most CI users, using a simple single target ‘oddball’ para-
digm. Most CI users showed reliable and reproducible ERPs in response to
tonal and vowel stimuli, but less reliable responses to the consonant stimuli.
Table I shows the data obtained from 25 subjects with normal hearing (NH)
and 25 CI users with the latest CI system. Data from the two studies on 24-chan-
nel CI users were pooled to increase the statistical power (measurement condi-
tions of the two studies were exactly the same). Summaries are given of mean
P300 amplitudes, latencies and their standard deviations (sd), based on the
number of interpretable observations (n) in response to the vowel (/i/ - /a/)
and the consonant (/ba/ - /da/) contrast. 
Table I. Mean P300 amplitudes and latencies with their standard deviations obtained from subjects
with normal hearing (control NH) and subjects with a 24-channel CI system and three different speech
coding strategies. Values of CI users with the preferred coding strategy are also shown. * p < 0.05,
** p < 0.01
P300 latencies in the CI users were generally in the same range as those in the
control subjects. Only the P300 responses obtained with the CIS strategy
showed a significant prolongation (independent samples t-test, p = 0.014,
two-tailed, df = 43). With respect to response magnitudes, the CI subjects
showed smaller P300 amplitudes than the subjects with normal hearing. This
was statistically significant for the consonant contrast with SPEAK and CIS (p
< 0.001, df = 34 and p = 0.006, df = 31, respectively).
There were no statistically significant differences between the results
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Group
amplitude [uV] latency [ms] amplitude [uV] latency [ms]
Control NH (pooled) mean 10.8 317 9.7 400
sd 4.3 30 3.6 33
n 20 20 20 20
CI (SPEAK/CIS/ACE) mean 8.2 / 8.7 / 9.1 338 / 355* / 315 3.1** / 2.6** / 4.0 400 / 414 / 394
sd 5.1 / 6.2 / 7.0 40 / 51 / 36 3.2 / 4.1 / 6.2 63 / 49 / 53
n 25 / 25 / 25 25 / 25 / 25 25 / 25 / 25 20 / 17 / 20
CI (preferred strategy) mean 8.7 315 4.1** 400
sd 7.3 34 6.2 48
n 25 25 25 22
Vowel contrast Consonant contrast
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obtained with the preferred speech coding strategy after more than six
months of CI use and the values obtained from the control subjects, except that
the mean amplitude in response to the consonant contrast was significantly
smaller in the CI group (independent samples t-test, two-tailed, p = 0.003,
df = 36) and that the P300 responses were not found in all CI users.
The P300 latencies obtained in the experiments with the 22-channel device
revealed consistent delay in adult subjects as well as in children. Within-CI-
group analyses showed delayed or even absent P300 responses in the children
with poor performance compared to the control groups with better performance.
One explanation for the differences in P300 outcome between the 22-channel
and the 24-channel studies may lie in the outdated MPEAK speech coding
strategy that adults and children with the 22-channel system were using. CI
processing with this type of stimulation is different from the recent stimulation
strategies applied in the studies on subjects who were using the 24-channel CI
system and also less optimal (e.g. Skinner et al., 1994). In contrast with previous
formant extraction strategies with fixed schemes such as MPEAK, the 24-
channel system using ACE, SPEAK and CIS, seem to be more efficient. These
strategies are based on the selection of spectral maxima and the selection of
stimulation sites in the electrode array, or they use higher stimulation rates
per electrode (CIS). 
The less optimal recording conditions in the first studies might further
explain the smaller amplitudes in the CI users as well as in the control group
with normal hearing. In the experiments on the subjects using the 22-channel
system, the recording electrode configuration had a different location on the
scalp. For practical reasons, the differential electrode was initially placed at
Fz. After these studies, a multichannel recording trial was performed on the
Nucleus 24-channel system with electrode fixations on Oz, Pz, Cz and Fz, to
verify the optimal placement of the differential electrodes. The highest P300
amplitude was obtained from the centro-parietal region of the scalp, which was
in conformity with previous studies that investigated the P300 response with
surface potential measurements in normal subjects (e.g. Vaughan & Ritter,
1970; Snyder et al., 1980) and CI subjects (Jordan et al., 1997). In subsequent
experiments on the 24-channel systems, the differential electrodes were
placed at CPz (+) and the nose (-). This resulted in higher peak amplitudes
and better P300 morphology, which improved the reliability of the interpre-
tations and induced higher peak reproducibility.
In conclusion, the P300 latency in CI users with the 24-channel system was in
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the same range as that in subjects with normal hearing, while the P300 ampli-
tudes were smaller and frequently absent in response to the consonant contrast.
This applied to the adult CI users with postlingual deafness who had been
provided with the most recent CI processors.
Relation between P300 latency and speech recognition
A few studies addressed the relation between P300 measures and speech
perception (e.g. Micco et al., 1995; Kileny et al., 1997). As cortical processing
times of speech signals were of special interest in the present studies, the
main question was whether the P300 latency is related to the level of speech
perception. In several previous studies by others, the results were non-uniform
and only a limited number of studies used speech stimuli for the ERP measure-
ments (Micco et al., 1995; Kileny et al., 1997).
The present study involved a relatively large number of observations.
Preliminary data from a smaller population had already revealed a significant
relation between P300 latencies and speech recognition (Beynon & Snik,
2004). Taking into account the different speech coding strategies, P300 data
obtained in response to a vowel contrast and a consonant contrast are shown
in a scatter plot in Figures 1a-b. Latencies are presented as a function of
speech recognition scores. 
Figures 1a-b. P300 latencies in response to the vowel contrast (left graph) and the consonant contrast
(right graph) as a function of speech recognition
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When the relation between the P300 latencies (pooled data from two studies
presented in Chapter 5 and 8, respectively) and speech perception was
analysed over time, a significant correlation was found between the pooled
P300 latencies obtained in response to the vowel contrast with the three
strategies (Pearson's product moment r = 0.46 (p < 0.001, two-tailed, n = 75).
Nevertheless, there was wide spread in the data. In Figure 1, the consonant
contrast showed several missing P300 values, indicated as latencies of 550 ms.
When these missing values were excluded from the analysis, a non-significant
relationship was found (r = 0.07, p = 0.58, two-tailed, n = 57). No significant
correlations were found between P300 amplitudes and speech recognition
scores in response to either of the speech contrasts (p > 0.05; data not shown). 
Evaluation of speech coding strategies in relation to ERPs and speech perception
Speech recognition scores in the subjects with the 22-channel CI system
seemed to be similar to those obtained in the studies on the 24-channel system.
However, it should be realised that the speech recognition scores obtained
with the 22-channel system were based on subtests from the Antwerp-
Nijmegen auditory test battery (Beynon et al., 1990) and a similar test battery
for children (Snik et al., 1997). Both were relatively easy compared to the open
set monosyllable speech recognition tests currently used in standard clinical
audiometric settings. The data used in the 22-channel studies comprised com-
posite scores, i.e. average scores on several different closed and/or open set
speech tests. In comparison with the scores on the open set speech tests used
in the studies on the 24-channel system, the high composite scores obtained
by the subjects with good 22-channel performance were lower in relative
terms. This means that the subjects with the 22-channel CI system had indeed
poorer speech recognition, which is in agreement with the prolonged ERP
latencies. 
The results of the present behavioural studies showed that within-subjects,
behavioural speech recognition scores differed significantly between speech
coding strategies. This is in agreement with studies that investigated within
subjects the effects of stimulation rate and number of active electrodes, i.e.
factors that are related to the specific implementation of commercially available
speech coding strategies (e.g. Arndt et al., 1999; Wilson, 2000; Kiefer et al.,
2001; Skinner et al., 2002). However, it is of more interest that for the first time
different P300 morphologies were measured within-subjects when different
speech-coding strategies were used.
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Both P300 amplitudes and latencies with the speech coding strategies as variable
showed within-subject differences: data from our study that compared CI
processing and cortical processing (Chapter 7, n = 8) with the three different
speech-coding strategies showed statistically significantly different P300
latencies between two selected groups of CI users. One strategy (ACE)
produced shorter latencies than the other two strategies. 
Figures 2a-b show mean peak amplitudes and latencies obtained from the
larger population (25 subjects) in response to the vowel contrast (2a) and
consonant contrast (2b) with different speech coding strategies (SPEAK, ACE
or CIS) after more than six months of CI use.
Figures 2a-b. Mean ERP peak latencies and amplitudes of 25 CI users in response to the vowel contrast
(2a) and the consonant contrast (2b). Responses obtained with the ACE, CIS or SPEAK strategy are
indicated with symbols: B for ACE, G for CIS and A for SPEAK. Mean data from the control group (n =
20) are indicated with filled symbols (^). Standard errors of the mean for x and y values are indicated
with horizontal and vertical lines, respectively
Figure 2a shows that in the CI users, the amplitudes were smaller and the
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latencies were prolonged compared to the control subjects (black symbols). 
When post hoc tests (Tukey's Honestly Significant Difference test) were per-
formed to identify significant homogenous subsets of mean P300 latencies,
two groups were revealed in response to the vowel contrast (p < 0.05): one
subset contained subjects with normal hearing and CI users with ACE (p =
0.27), while another subset contained CI users with SPEAK and CIS (p = 0.53).
Similar subsets were also found for P300 amplitudes in response to the con-
sonant contrast (p = 0.92 and p = 0.14, respectively). This means that in con-
trast with the SPEAK and CIS strategies, the P300 latencies obtained with the
ACE strategy were similar to those in the subjects with normal hearing. In
conclusion, these data show that ERPs depend on the speech coding strategy.
Differences between the ERPs in response to the vowel and the consonant contrasts
The responses to the consonant contrast were less consistent, which can be
explained by the difficulty of the discrimination task. Similar effects were also
found in the subjects with normal hearing: the amplitudes were smaller and
the latencies were delayed when the discrimination task was more difficult
(Donchin & Coles, 1988). Consonant perception in particular appears to be more
difficult than vowel perception, because it needs faster temporal processing of
the speech signal: the - relatively short - formant transition is the distinctive
feature to discriminate between consonant stimuli. In contrast, vowel and
tonal stimuli are characterised by a steady-state period that is relatively
constant over time. The subtle acoustic cues in different consonants obviously
demand fast temporal and cognitive neural processing. This suggests that the
processing of vowels is mainly based on information processing in the spectral
domain, while consonant processing also relies heavily on temporal processing.
These findings confirm the results studies of Chapter 3 and 4, which indicates
similarity in the event-related responses obtained in response to vowel and
tonal contrasts. Micco et al. (1995) also reported non-significant differences
between subjects with normal hearing and CI users in response to a speech
contrast based on tonal congruencies (/di/ vs /da/).
Within-CI-group comparisons revealed significantly longer P300 latencies
and smaller amplitudes in response to the consonant contrast (paired samples
t-test for latencies: t = -11.2, df = 56, p < 0.001; for amplitudes: t = 6.3, df = 44,
p < 0.001, two-tailed) than to the vowel contrast. Figure 3 shows scatter plots
of the P300 measures to the vowel contrast as a function of consonant contrast
for latency (left graph) and amplitude (right graph). Significant correlations
were found between the contrast latencies (r = 0.61; Spearman's rho, p < 0.001,
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n = 75) and between the contrast amplitudes (r = 0.55; Pearson product
moment, p < 0.001, n = 75). Nevertheless, there was a wide spread in the data. 
Subjects with normal hearing also showed comparable significant relations
between the P300 measures in response to the vowel and the consonant contrast
(P300 vowel-consonant latencies: r = 0.70; P300 vowel-consonant amplitudes:
r = 0.52; p < 0.05, n = 20).
Figures 3a-b. Vowel-consonant P300 latency scatter plot (left) and vowel-consonant amplitude scatter
plot (right)
Auditory cortical adaptation measured by ERPs
A longitudinal ERP study was performed to investigate the course of auditory
processing over six months. The aim was to assess changes in auditory neural
activity after cochlear implantation by studying cortical event-related potentials,
evoked with speech stimuli. 
Long-term changes in P300 morphology have only been described in a case
report by Kaga et al. (1991), on one CI user with a single-channel 3M/House
CI device. They found more distinct and clear P300 morphology after six
months of CI use. 
More recently, Kubo et al. (2001) have found significant relations between
consonant recognition scores and P300 latencies at six months. Unfortunately,
they did not describe within-subject development over time between the first
and the later measurements. They concluded that plasticity of the central
auditory system was more important for speech learning in CI users than
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plasticity of the peripheral neural system. 
In a larger population of CI users, we employed speech stimuli to investigate
the changes in P300 morphology with each of the three different speech coding
strategies over a period of six months (Chapter 8). It was hypothesized that
over time, neural cortical activity changes as a result of learning effects due
to electrical stimulation. When morphological changes occurred in ERPs, it
was assumed that any changes in cortical activity would be largest with the
strategy that was used most of the time, i.e. the preferred strategy. 
Data from this longitudinal study showed that consistent and reproducible
ERPs could be obtained from the CI users in response to speech stimuli with
at least one of the speech coding strategies. The hypothesis was confirmed
that electrical stimulation brings about changes in auditory cortical activity.
Generally, amplitudes increased and latencies became shorter. In particular,
P300 latencies changed significantly in response to the vowel and consonant
contrasts with two speech coding strategies, viz. ACE and SPEAK. CIS only
showed a trend. The preceding (N2d) and following (N3d) negative com-
ponents were related with P300 measures and were most pronounced in
response to the consonant contrast. Conversely, these negative components
showed less coherence in response to the vowel contrast.
The hypothesis that improvements in ERP measurements over time might be
more explicit for the preferred speech coding strategy was partly confirmed.
Responses to the vowel contrast confirmed that morphological changes were
most pronounced with that strategy. Thus, our data showed significant changes
in ERP morphology (P300 latency and amplitude) over time, especially with the
strategy that had been used for most of the time.
Nevertheless, some morphological changes were also found in ERPs obtained
with the other two (non-preferred) strategies. Although non-statistically
significant, the responses with the SPEAK strategy showed morphological
changes in ERPs after six months in response to both speech contrasts. ACE
and SPEAK probably showed significant changes because these two strategies
have the most in common (Vandali et al., 2000). 
The developmental changes in P300 morphology were less pronounced in
response to the vowel contrast than the consonant contrast. Two factors
might explain this observation: 1) easier a priori contrast discrimination (i.e.
neural activity was already present at almost maximum response) so that the
learning curve was weak or even absent and/or 2) the processing of vowels
was more acoustic than phonetic (i.e. categorization and cortical decisions
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were mainly based on acoustic information) and apparently less dependent
on top-down processing.
Our subjects showed significantly faster stimulus evaluation times (i.e. shorter
latencies) with the preferred strategy after six months, but the other two non-
preferred strategies also showed similar changes in some subjects. This indi-
cates that auditory cortical adaptation is at least partly induced by general
neural development and that it depends on more than just the preferred
strategy. The present data did not support the suggestion made by Kaga et al.
(1991) that morphological changes in ERPs depend on auditory training
alone. However, the remark postulated by Kubo et al. (2001), viz. that auditory
plasticity is responsible for speech learning, is in line with our data. Cortical
adaptation seemed to be due to acclimatization with the preferred strategy
(training) and/or general neural adaptation due to auditory electrical stimulation.
9.2 Can P300 measurements be used to choose the optimal speech coding
strategy in clinical practice?
As a rule, the clinician's initial choice of speech coding strategy is fairly arbitrary.
Ideally, after optimising one specific speech coding strategy, the clinician
should also optimise the alternative strategies to find out which strategy is
best. Clinicians tend to be led by recommendations from CI companies based
on their field trials and they will be tempted to use a new strategy when it
has proved its merit in preliminary field studies. However, owing to wide
variability between subjects (e.g. Arndt et al., 1999; Kiefer et al., 2001; Beynon
et al., 2003) it must be accepted that the 'improvements' will not be valid for
each individual subject.
The present data indicated once more that individual comparisons of the
different speech coding strategies during the rehabilitation period - although
time-consuming - are of importance in rehabilitation programmes. When
consistent individual feedback is available, it is relatively easy to compare
auditory performance with the different coding strategies (e.g. Skinner et al.,
2002). However, in young children, linguistically impaired adults or subjects
with inadequate feedback, even a well-considered choice of speech coding
strategy by the clinician is debatable. Accordingly, it is relevant to find addi-
tional objective methods to augment existing insight into optimal auditory
cortical processing in cochlear implant patients. Such objective measures
could then be used to predict which specific coding strategy will provide the
best speech recognition. The clinical utility of the P300 potential is known in
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neurocognitive assessment (e.g. Polich, 1998). In this context, we additionally
analysed the relation between the first P300 obtained postoperatively and the
long-term speech perception scores.
Figures 4a-b show typical examples of the P300 latency at initial fitting
obtained with the three speech coding strategies (vertical axis) and the speech
recognition scores obtained after six months of use (horizontal axis) for three
typical subjects. The three scores for each subject are connected with a line.
The speech recognition score obtained with the preferred speech coding
strategy after six months is presented as a black circle. If the shortest latency
coincides with the best speech score after six months, the black circles would
lie to the lower-right end of each line. Whether strategy-dependent differences
in P300 are present was determined on the basis of the 95% critical differences
as described in Chapter 5.
Figure 4a shows data obtained with the vowel contrast. Three different types
of CI subjects could be identified and characterized as: type a) subjects whose
significantly shortest P300 latencies occurred for the strategy with a high
speech recognition score (n = 5); type b) subjects whose significantly shortest
P300 latencies did not occur for the strategy with the highest speech recognition
score (n = 6); and type c) subjects with no significantly different P300 latencies
and no differences in speech recognition scores (n = 4). The latter is in
conformity with the hypothesis that no significant differences in latencies
coincide with no significant or minor differences in speech recognition; see
Figure 4a.
Figures 4a-b. Typical examples of P300 latency obtained after the first fitting session, and corresponding
speech recognition scores (in percentages correct) after six months of CI use; each line indicates one typ-
ical CI user, connecting the three data points, one per strategy. Filled circles indicate the preferred
speech coding strategy. Left graph: vowel contrast (4a); right graph: consonant contrast (4b)
Figure 4b shows similar data obtained from the consonant contrast. Again,
same three different types of subjects were distinguished; in number type a)
n = 5, type b) n = 5 and type c) n = 5 (of which 4 subjects revealed no reproducible
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P300 response at all). 
It should be noted that subjects with non-significant different P300 latencies
(type c) also showed no statistically significantly different speech recognition
scores and that subjects with significantly different P300 latencies showed
significantly different speech recognition scores. The present data indicate
that in about half of the subjects, a short P300 latency obtained directly after
the first device fitting was in agreement with the highest speech recognition
score after six months. 
In conclusion, although the Figures 4a-b show some trends, the predictive
value of the P300 latency to choose the best speech coding strategy on the
basis of latency measurements obtained during initial fitting of the speech
processor, could not be established.
9.3 Speech processing after CI and suggestions for future research
In Chapter 2 a simplified model that consists of four stages of signal processing
by a CI user was introduced. Generally, the perception of speech incorporates
both bottom-up and top-down information processing. Within the context of
speech processing in four stages, bottom-up processing in CI refers to the
afferent transmission of perceived sounds up to the auditory cortex, which
includes coding of the complex sounds or elements of speech, i.e. speech
coding by the CI. In the top-down process, cognitive processing implies the
anticipation of syntactic and semantic influences determined by knowledge
of the context and language. The model postulated in the second chapter of
this thesis is shown again in Figure 5.
Figure 5. Simplified model of speech processing in four stages in a cochlear implant recipient
Some outcome variables of the first and fourth stages of speech processing
were studied. In the first stage, the electrical output by the CI (electrodogram)
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was studied in relation to speech perception. In two studies, the slow vertex
potentials were also analysed (stage 3).
Concerning stage 1, little differences were found in the electrodograms of
speech contrasts in good and in poor performing subjects (Chapter 7). This
suggests that this stage is not the main bottleneck in the model. Concerning
the stages 2, 3 and 4, it should be recalled that there were several subjects with
poor speech perception and poor P300 values with one strategy (mostly CIS),
while they showed good speech perception and better P300 values with
another strategy (often ACE). This suggests that auditory neural processing is
not the main problem. If it was, the results would have been poor, irrespective
of the strategy that was used (see Chapter 8). The second stage, i.e. the transfer
of the electrical currents in the cochlear fluid (a volume conductor) to the
auditory nerve (e.g. Frijns et al., 1995), was not addressed in this study. At
present, no measurement techniques are available to study the efficacy of this
transfer with its electro-dynamical transfer properties using complex stimuli
such as speech. At the interface, a complex pattern of neural activity is
evoked that comprises time-varying changes in the number of neurons that
fire in spatially distributed groups and fine temporal activity within and
across neuronal groups. Obviously, this 'electro-neural bottleneck' between
the CI processor and neural coding will have implications on the final quality
of the speech perceived by the CI user. Unfortunately, the efficacy of this
information transfer cannot be studied directly as a function of speech coding
strategy. However, the effect of e.g. stimulation rate on neural tissue can be
measured by NRT-like research, e.g. compound action potentials of the auditory
nerve evoked with relatively simple stimuli, such as clicks. With such tech-
niques, it is possible to study channel interactions (spread of neural excitation
in the cochlea), temporal processing (including determination of refractory
periods of the stimulated nerves) and input-output behaviour (Abbas et al.,
2004; Cohen et al., 2004). 
Apart from the analysis of P300 data, the N2d component is also of interest.
N2d partly covers the mismatch negativity (MMN), also called N2a (Mangun
& Hillyard, 1997). The MMN has the advantage that measurements can be
obtained under unattended conditions (e.g. in young children), but has the
disadvantage that its relationship with speech stimuli is still open to discussion
(Wunderlich & Cone-Wesson, 2001; Pettigrew et al., 2004). It is not yet clear
whether this auditory feature actually plays a relevant clinical role in assessing
speech performance. Further studies on MMN should carefully consider
methodology, data analysis procedures and the influence of other effects,
such as habituation, adaptation and lateral inhibition of neuronal populations
(Pettigrew et al., 2004). Future ERP research might focus on the negativity
before the P300, i.e. the N2d, by measuring not only exogenous mismatch
negativity, but also the endogenous influences on earlier components (SVPs).
These components should be investigated more thoroughly. Along the same
lines, Cranford et al. (2004) have recently reported physiological evidence of
central auditory neural influences on the P2 due to task difficulty and/or com-
petition in subjects with normal hearing. This once again emphasizes the need
for attention to peripheral and central influences and their interactions dur-
ing the processing of auditory signals.
The results presented in this thesis mainly concern postlingually deaf subjects
and it should be borne in mind that prelingual or congenital deafness may lead
to different results. In the latter population, cortical processing might form the
weakest link. Evidence was found in the results of Chapter 4: congenitally deaf
children with long-term deafness showed normal slow vertex potentials and
delayed but reproducible P300 potentials in response to the tonal contrast, i.e.
'normal' sensory processing. In response to the speech contrasts, slow vertex
potentials were present, but less pronounced than expected. The P300 potentials
showed poor quality or were even absent. These results suggested that pho-
netic processing was impaired, while acoustic processing was subnormal in
relation to CI users with good performance. Considering the long duration of
deafness, extension of the critical period for language development can be
expected. Compared to this study, the studies on postlingually deaf CI users
alone, revealed better phonetic processing, in agreement with our expectations.
Longitudinal studies should be performed on congenitally deaf subjects, but
the main drawback is that these subjects will have been implanted at an early
age, typically before the age of five years, which prohibits the use of ERPs, as
described in this thesis.
References 
Abbas PJ, Hughes ML, Brown CJ, Miller CA & South H (2004) Channel interaction in cochlear
implant users evaluated using the electrically evoked compound action potential. Audiol
Neurootol 9:203-213.
Arndt P, Staller S, Arcaroli J, Hines A & Ebinger K (1999) Within-subject comparison of
advanced coding strategies in the Nucleus 24 cochlear implant. Report Cochlear Corporation:1-7.
Beynon AJ, Brokx JPL, Mens LHM & van den Broek P (1990) De eerste resultaten bereikt met
een elektrische binnenoorprothese. Tijdschr Logoped Foniatr 62:113-116.
G
eneral discussion
145
Ch
ap
te
r 9
146
Beynon AJ, Snik AFM & Van den Broek P (2003) Comparison of different speech coding
strategies using a disability-based inventory and speech perception tests in quiet and in
noise. Otol Neurotol 24(3):392-396.
Beynon AJ & Snik AFM (2004) Use of the event-related P300 potential in cochlear implant
subjects for the study of strategy-dependent speech processing. Int J Audiol 43 (suppl 1):S44-
S47.
Cohen LT, Saunders E & Richardson LM (2004) Spatial spread of neural excitation: comparison
of compound action potential and forward-masking data in cochlear implant recipients. Int
J Audiol 43:346-355.
Cranford JL, Rothermel AK, Walker L, Stuart A & Elangovan S (2004) Effects of discrimination
task difficulty on N1 and P2 components of late auditory evoked potential. J Am Acad Audiol
15:456-461.
Donchin E & Coles MGH (1988) On the conceptual foundations of cognitive psychophysiol-
ogy. Behav Brain Sci 1:406-417.
Frijns JH, de Snoo SL & Schoonhoven R (1995) Potential distributions and neural excitation
patterns in a rotationally symmetric model of the electrically stimulated cochlea. Hear Res
87(1-2):170-86.
Jordan K, Schmidt A, Plotz K, Von Specht H, Begall K, Roth N & Scheich H (1997) Auditory
event-related potentials in post- and prelingually deaf cochlear implant recipients. Am J Otol,
18(suppl):116-117.
Kaga K, Kodera K, Hirota E & Tsuzuku T (1991) P300 response to tones and speech sounds
after cochlear implant: a case report. Laryngoscope 101:905-907.
Kiefer J, Hohl S, Stürzebecher E, Pfennigdorff T & Gstoettner W (2001) Comparison of speech
recognition with different speech coding strategies (SPEAK, CIS, ACE) and their relationship
to telemetric measures of compound action potentials in the Nucleus CI 24M cochlear
implant system. Audiology 40:32-42. 
Kileny PR, Boerst A & Zwolan TA (1997) Cognitive evoked potentials to speech and tonal
stimuli in children with implants. Otolaryngol Head Neck Surg 117(3):161-169.
Kubo T, Yamamoto K, Iwaki T, Matsukawa M, Doi K & Tamura M (2001) Significance of
auditory evoked responses (EABR and P300) in cochlear implant subjects. Acta Otolaryngol
121:257-261.
Mangun GR & Hillyard SA (1997) Mechanisms and models of selective attention. In: Rugg &
Coles (eds) Electrophysiology of the mind: event-related brain potentials and cognition. Oxford
University Press, New York, 66-85.
Micco AG, Kraus N, Koch DB, McGee TJ, Carrell TD, Sharma A, Nicol T & Wiet R (1995)
Speech-evoked cognitive P300 potentials in cochlear implant recipients. Am J Otol 16:514-520.
Pettigrew CM, Murdoch BM, Kei J, Chenery HJ, Sockalingam R, Ponton CW, Finnigan S &
Alku P (2004) Processing of english words with fine acoustic contrasts and simple tones: a
mismatch negativity study. J Am Acad Audiol 15:47-66.
Polich J (1998) P300 clinical utility and control of variability. J Clin Neurophysiol 15 (1):14-33.
Skinner MW, Clark GM, Whitford LA, Seligman PM, Staller SJ, Shipp DB, Shallop JK,
Everingham C, Menapace CM, & Arndt PL (1994) Evaluation of a new spectral peak (SPEAK)
coding strategy for the Nucleus 22 channel cochlear implant system. Am J Otol 15(suppl 2):15-
27.
Skinner MW, Holden LK, Whitford LA, Plant KL, Psarros C & Holden TA (2002) Speech
recognition with the Nucleus 24 SPEAK, ACE and CIS speech coding strategies in newly
implanted adults. Ear Hear 23(3):207-223.
Snyder E, Hillyard SA & Galambos R (1980) Similarities and differences among the P3 waves
to detected signals in three modalities. Psychophysiology 17:112-122.
Vaughan HG & Ritter W (1970) The sources of auditory evoked responses recorded from the
scalp. Electroencephal Clin Neurophysiol 64:199-210.
Wilson BS (2000) Strategies for representing speech information with cochlear implants. In:
Niparko JK et al., eds. Cochlear implants: Principles and practises. Philadelphia: Lippincott
Williams & Wilkins, 129-70.
Wunderlich JL & Cone-Wesson BK (2001) Effects of stimulus frequency and complexity on
the mismatch negativity and other components of the cortical auditory evoked potential.
J Acoust Soc Am 109:1526-1537.
G
eneral discussion
147

CHAPTER10 
SUMMARY
&
CONCLUSIONS
149

10.1 Summary
The first chapter briefly describes some basic principles of electrophysiology.
One of these applications is the recording of AEPs. AEPs are usually classified
by the location of the auditory neural generator along the auditory pathway
that stretches from the cochlea to the primary auditory cortex of the brain.
The nomenclature of the different potentials along this pathway can be
defined according to the peak latencies, viz. first, fast, middle and slow or late
latency responses. As this thesis mainly focused on the evaluation of late
latency cortical potentials, these potentials are described more extensively
with respect to their dependence on internal and external factors that determine
the appearance and the quality of the responses.
Two types of late latency potentials can be distinguished: exogenous responses
and endogenous responses. Exogenous responses depend primarily on the
physical parameters of the eliciting stimuli, such as the intensity or frequency
of the stimulus. Well-known exogenous potentials are the slow vertex
potentials N1 and P2, often referred to as the obligatory N1/P2 complex.
When the response is of a non-obligatory nature, it is called an endogenous
response. These responses are relatively invariant to changes in the subtle
physical parameters of the eliciting stimulus. They represent the cognitive
internalization of the auditory event, not the physical dimensions of the
external event. The cognitive P300 potential - recognized as a positive peak in
the EEG around 300 ms poststimulus - is well-known as an endogenous
event-related potential (ERP) component and is often used in clinical and
experimental studies because of its robustness. The P300 is related to contrast
discrimination, irrespective of the input modality, therefore, it can be evoked
with visual, somatosensory and/or auditory stimuli. The latter were applied
in the present thesis.
The following chapter, first describes signal processing by cochlear implant
processors, with a short review of the different speech coding strategies for
the Nucleus cochlear implant system over the years. At present, speech coding
strategies for the Nucleus 24 CI system are ‘Continuous Interleaved
Sampling’ (CIS), ‘Spectral Peak Analysis’ (SPEAK) and ‘Advanced
Combination Encoding’ (ACE). These strategies differ with respect to the
encoding and decoding of incoming acoustic speech signals and the modes of
stimulation.
Speech processing in cochlear implant users is described in the light of a
simplified physical-physiological model with four stages of signal process-
ing: firstly, processing by the CI processor, secondly, interfacing between the
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CI and neural system, thirdly, afferent cortical processing and fourthly,
cognitive processing. 
An overview is given of various methods to measure cortical activity in CI
users. Owing to the methodological and/or practical limitations of imaging
techniques, such as fMRI, MEG, PET and SPECT, the application of EEG
research to CI users seems to be the most obvious choice at present.
Previous studies on the P300 potential were reviewed with respect to electri-
cally evoked auditory cortical potential measurements in CI users. Most of
these studies used different tonal stimuli in the contrast paradigm. Only a
few studies used speech contrasts to evoke cortical potentials for auditory
discrimination. Results so far have turned out to be less coherent than expected,
presumably because of differences between the studies, such as (small) numbers
of observations and the inherent lack of statistical power.
The aims of the present thesis are elucidated in the context of the simplified
signal processing model with special reference to the latter cognitive event-
related P300 potential. 
The next three chapters focused on methodology and validation of P300
experiments using the speech contrasts after cochlear implantation. Three
studies were performed on CI users. 
In our first study, attention was paid to the methodology and the set-up of the
experiments. Measurements were collected from a group of CI users fitted
with the multichannel Nucleus 22 CI system and from subjects with normal
hearing. Complementary to standard tonal stimuli (500 Hz vs 1 kHz pure
tones), three speech stimuli were used viz. a vowel contrast (/i/ vs /a/) and
two consonant contrasts (/ba/ vs /da/ and /ba/ vs /pa/), the latter two
were based on different formant transitions and different voice-onset times
(VOT). As the P300 is a cognitive response, it was hypothesized that speech
stimuli might be more informative than tonal stimuli. Furthermore, it was
expected that the discrimination of speech signals in a speech contrast would
be more related to speech perception than to the discrimination of pure tones.
Reproducible P300 potentials were obtained from the subjects with normal
hearing as well as from the CI users. The best responses were obtained with
the tonal contrast, while the poorest were obtained with the VOT contrast.
Discrimination of the VOT contrast was more difficult, also for the control
group. Often, no response could be evoked. 
Compared to subjects with normal hearing, the results of the CI users showed
prolonged latencies of the slow vertex potentials N1 and P2 and this also
applied to the cognitive P300 potential. Smaller AEP amplitudes were found
in response to the speech contrasts than to the tonal contrasts. Significant
correlations were found between the speech scores and the ERP measures
obtained with the tonal and vowel contrasts: CI users with poor speech
performance demonstrated smaller P300 amplitudes and magnitudes than
those with good performance. In response to the consonant contrasts, no
relation was found between speech recognition and the P300 measures. It was
decided to use one vowel contrast (i/-/a/) and one consonant contrast
(/ba/-/da/) in the subsequent experiments with speech stimuli, because the
responses to the VOT contrast (/ba/-/pa/) were very poor.
The second study was performed on children fitted with the multichannel
Nucleus 22 CI system. Two groups of five children were investigated: one
group with poor speech recognition scores (Group A: open-set word scores
of 40% or less) and one group with relatively good speech recognition scores
(Group B: open-set word scores of more than 65%). ERPs were obtained from
the two groups with tonal and speech stimuli. Additionally, the data were
compared to previous ERP data obtained from children with normal hearing
and adult CI users. 
The results of Group B and the adult CI users were similar. Therefore their
data were pooled to form a ‘combined’ group of CI control subjects. The N1
and P2 latencies of Group A and the combined CI control were prolonged
compared to the latencies of the children with normal hearing. No differences
in P300 latencies were found between the combined CI group and the control
group with normal hearing. However, the Group A subjects showed
delayed or even absent P300 peaks when speech stimuli were used. As
Group A comprised congenitally deaf children, these data suggest that the
poor P300 results were due to immaturity of the (sub)cortical generators
associated with phonetic processing. Furthermore, it was concluded that the
P300 potential is a useful objective measure to distinguish between CI users
with good and poor performance.
In the third study, the relation between the discrimination of two speech sound
contrasts - one vowel (/i/-/a/) and one consonant (/ba/-/da/) contrast – was
determined with behavioural tests and the objective event-related P300
potential using the three different speech coding strategies. All the subjects
were adult CI users fitted with the multichannel Nucleus 24 CI system.
Individual behavioural strategy-dependent discrimination of the speech contrast
was judged on a 5-point scale. Results showed that the behavioural responses
were in good agreement with the P300 latencies for the vowel and consonant
contrast. P300 latencies were prolonged when the subjective discriminability
of the contrast was more difficult. Within-subject analysis showed that the
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P300 latencies and amplitudes could differ significantly between the three
different speech coding strategies. These differences were related to the
behavioural scores. 
The fourth study investigated the behavioural responses of CI users with
different speech coding strategies; speech recognition is described in a
crossover study on two groups of Nucleus 24 CI users, one group was
assigned to first receive the ‘ACE’ speech coding strategy (‘ACE group’, n =
6) and one group was assigned to first receive the ‘SPEAK’ speech coding
strategy (‘SPEAK group’, n = 6). Subjective preference for one of the two
speech coding strategies was assessed in relation with the behavioural
results. Intra-individual comparisons were made between the two groups.
The ‘Abbreviated Profile of Hearing Aid Benefit’ (APHAB) questionnaire was
administered as a disability-based inventory to assess the benefit of the
speech coding strategy on three subscales: ease of communication (EC),
speech recognition in reverberation (RV) and in background noise (BK).
Individual speech recognition scores were obtained using standardized open
set speech audiometric monosyllabic word lists in quiet and in noise. 
The ACE strategy was found to yield higher scores in both the ‘ACE’ group
and the ‘SPEAK’ group. After the ‘SPEAK’ group subjects had swapped to
the ACE strategy, their open set phoneme recognition scores were significantly
higher than with the SPEAK strategy. Similar results were found on the open
set word test in quiet and also in noise (S/N-ratio of +5 dB). 
Analysis of the individual behavioural data from the APHAB questionnaire on
three subscales (EC, RV, BK) showed that six subjects derived more benefit
from the ACE strategy, whereas two subjects derived more benefit from the
SPEAK strategy. The final individual choice of strategy was in accordance
with the speech recognition scores and/or the APHAB outcomes in 9 out of
the 12 cases. Most of the subjects preferred the ACE strategy, irrespective of
which strategy had been used initially. Thus, the first coding strategy chosen
did not affect the results or the final preference. As the individual preferences
according to the APHAB were not a priori in conformity with the open set
speech recognition scores, it can be concluded that the speech recognition
tests and the APHAB questionnaire covered different domains. These two
measures should be used in combination to gain more insight into factors
responsible for subjective preference for one specific speech coding strategy.
This study showed that a patient’s preference could not be ascribed to learning
effects alone.
The fifth study addressed processing of the two speech contrasts (/i/-/a/
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and /ba/-/da/) by the speech processor and the electrical presentation in the
cochlea. Spectral energy of the decoded speech was visualised as an elec-
trodogram (ELG), i.e. the electrical temporo-spectral analogue of an acoustic
spectrogram. Thus, ELGs of the two speech contrasts were constructed and the
absolute difference values - ∆[ELG] - were calculated by subtracting the ELG
of the standard stimulus from the deviant stimulus. ∆[ELG]s were calculated
for the three different speech processing strategies.
In contrast with this peripheral CI-processing, the P300 potentials were
obtained as the correlate for cortical neural processing from each individual
while using the three different speech coding strategies.
The aim of this study was to gain more insight into the relation between
the processing of speech contrasts by the CI processor (∆[ELG]) and neural
processing measured by the P300. Two groups of four CI users were selected
from a group of twenty-five subjects: Group A comprised subjects whose
speech recognition scores were significantly different between the three
strategies, while Group B comprised subjects whose speech recognition scores
were the same, irrespective of the speech coding strategy. No significant
correlations were found between ∆[ELG] and P300 latencies. 
In a sixth study, ERPs were obtained from a group of fifteen CI subjects with
the three different speech coding strategies in a repeated measurement set-up:
ERPs were recorded after the first fitting and repeated after six months. The
aim of this study was to assess auditory neural activity over time evoked by
speech stimuli. It was hypothesized that neural cortical activity changes over
time after electrical stimulation because of a learning effect. Any morphological
changes in ERPs were expected to be larger with the preferred strategy.
Compared to a control group with normal hearing, the morphology of the
ERPs N2d, P300 and N3d changed over time. The majority of CI users
showed reproducible and easily interpretable ERPs in response to the
vowel contrast at the two evaluations, while the quality of the responses to
the consonant contrast showed an obvious increase over this period. Between
the first and second measurements, ERP latencies decreased and amplitudes
increased. In most of the CI users the changes over time were larger with the
preferred strategy. However, in some subjects, ERP morphology improved
with all three strategies. The results indicated that besides a learning effect
with the preferred strategy, there was also a more general increase in neural
activity.
In the discussion chapter the results of all the studies are elucidated and
discussed. To examine the role of event-related potentials in CI users as a
clinical application, data were pooled and analysed. Although there was a
wide spread in the data, statistically significant correlations were found between
the P300 latency and speech recognition scores. To verify the predictive value of
P300 measurements for speech recognition, individual postoperative ERP
measurements were analysed in relation with the speech perception scores
obtained with each speech coding strategy after 6 months. Unfortunately, these
data only partially confirmed that postoperative ERP measurements can
predict the best speech coding strategy in the long term. Only in a small number
of CI users, the P300 latency was in agreement with the speech recognition
scores on the long term. Apparently, learning effects and gradual adaptation
to electrical stimulation had more influence on the results after six months. 
Speech perception with a CI is addressed within the framework of the model
that underlies the present studies and suggestions are made for further
research.
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10.2 Conclusions
It is possible to electrically evoke a cognitive P300 potential with speech stimuli
in most of the cochlear implant users, when using a ‘single-target oddball
paradigm’. Most CI users show reliable and reproducible P300 potentials in
response to vowel stimuli. 
The (sub)cortical stimulus evaluation times of consonant stimuli are longer
than those of the vowel contrast, likely because of a higher difficulty level of
the consonant contrast. 
In general, the latency of the electrically evoked P300 potential in postlingually
deaf adults with a CI is similar to that in subjects with normal hearing. In
children with a CI, maturational delays seem to have a negative effect on the
quality of the P300.
The electrically speech-evoked P300 latency is related to the speech strategy
used: short P300 latencies are related to the strategy with the highest speech
recognition scores.
Electrodograms might not be sensitive enough to represent intracochlear
stimulation.
The morphology of the P300 changes over time after electrical stimulation,
due to learning effects and prolonged electrical cochlear stimulation. 
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Samenvatting (Dutch summary) 
Het eerste hoofdstuk van dit proefschrift beschrijft enkele basisprincipes van
elektrofysiologisch onderzoek aan de hersenen. Het registreren van auditief
opgewekte potentialen of ‘auditory evoked potentials’ (AEPs) is een veel
toegepaste meetmethode. Een AEP is de reactie van het zenuwstelsel op een
korte auditieve stimulus die al dan niet een inhoudelijke component kan hebben
(verschillende tonen, klanken, spraaksignalen). De AEP wordt gemeten als een
gemiddeld signaal afgeleid uit het elektro-encefalogram (EEG). Men kan
AEPs classificeren op basis van de locatie van de neurale generator in de
sequentie van auditieve informatieverwerking, die vanaf het slakkenhuis, via
de gehoorszenuw en de primaire auditieve hersenschors, tot aan structuren
voor hogere orde verwerking in het brein loopt. De verschillende potentialen
kunnen worden ingedeeld op basis van de latentietijden van de desbetreffende
pieken in het EEG signaal, te weten ‘eerste’, ‘snelle’, ‘middel-late’ en ‘langzame’
of ‘late’ potentialen. De invloed van interne en externe factoren op de ‘late’
corticale potentialen komt in het kader van het in dit proefschrift beschreven
onderzoek uitgebreider aan de orde.
Men kan de potentialen echter ook onderscheiden in twee soorten responsies:
responsies van exogene en endogene aard. Exogene responsies zijn primair
afhankelijk van de fysische parameters van de stimulus die de respons
opwekt, zoals de intensiteit of de frequentie van de stimulus. Exogene hersen-
potentialen zijn bijvoorbeeld de zogenaamde ‘slow vertex’ potentialen (SVPs),
ook vaak het ‘obligatory N1/P2 complex’ genoemd dat globaal in het tijdseg-
ment tussen 100 en 200 milliseconden na de stimulus optreedt. Dit complex
wordt in de studies in dit proefschrift gebruikt om de integriteit en de
kenmerken van de ‘fysieke verwerking’ van de stimuli te beoordelen. In
tegenstelling tot exogene responsies zijn endogene responsies niet gevoelig
voor kleine veranderingen in de fysische parameters van de stimulus. Deze
responsies representeren een meer cognitieve verwerking van een auditieve
‘event’ (gebeurtenis). De P300 potentiaal -  in de regel te herkennen als een
positieve piek in het EEG-signaal circa 300 ms na de stimulus - is een endogene
‘gebeurtenis’-gerelateerde (‘event-related’) potentiaal (ERP). Het kan met een
eenvoudig experimenteel (‘oddball’) paradigma worden opgewekt en wordt
vaak toegepast in klinische en experimentele studies vanwege zijn robuustheid.
De P300 potentiaal is gerelateerd aan de discriminatie van contrasten in
verschillende stimuli en is onafhankelijk van input-modaliteit: deze potentiaal
kan visueel, somatosensorisch en ook auditief worden opgewekt. Deze disserta-
tie beschrijft metingen van auditief opgewekte P300 potentialen.
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Het tweede hoofdstuk beschrijft de basisprincipes van de signaalverwerking
door een cochleaire implant-spraakprocessor, met in het bijzonder de ver-
schillende spraakcodeerstrategieën, zoals deze in het Nucleus 24-kanaals CI
systeem zijn geïmplementeerd: ‘Continuous Interleaved Sampling’ (CIS),
‘Spectral Peak Analysis’ (SPEAK) en ‘Advanced Combination Encoding’
(ACE). De codeerstrategieën verschillen in encodering en decodering van de
binnenkomende akoestische signalen en de wijze van de stimulatie van de
intracochleaire elektroden.
De verwerking van spraak bij CI gebruikers is beschreven in het licht van een
vereenvoudigd fysisch-psychofysiologisch model in vier stadia van signaal-
verwerking: ten eerste, de verwerking door de CI spraakprocessor, ten tweede,
de overgang tussen CI en het neuraal systeem, ten derde, de afferente
(sub)corticale verwerking en ten vierde, de cognitieve verwerking van het
signaal.
Vervolgens worden verschillende methoden beschreven om de corticale activi-
teit bij CI gebruikers te registreren. Vanwege de fundamentele, methodologische
en/of de praktische beperkingen van beeldvormende technieken zoals fMRI,
MEG, PET en SPECT, blijkt op dit moment het EEG nog de meest voor de
hand liggende keuze door haar hoog temporeel-oplossend vermogen.
In het kader van het huidige onderzoek worden eerdere P300 studies bij CI
gebruikers besproken. De meeste studies tot nu toe gebruikten veelal tonale
stimuli om P300 potentialen op te wekken; slechts een paar studies beschrijven
het gebruik van spraakstimuli. De resultaten van deze studies blijken onderling
vaak minder coherent dan gehoopt en verwacht, mogelijk vanwege onderlinge
methodologische verschillen tussen de diverse studies.
Vervolgens is de opzet van de huidige experimenten bij CI gebruikers
beschreven, ingepast in het vereenvoudigde model van signaalverwerking in
de vier stadia. In het bijzonder heeft de genoemde cognitieve P300 potentiaal
hierbij onze aandacht.
De volgende drie hoofdstukken (3, 4, 5) beschrijven studies waarbij de
methodologie van P300 experimenten bij CI gebruikers met spraakcontrasten
wordt gevalideerd. 
De eerste studie (hoofdstuk 3) beschrijft eerste metingen bij CI gebruikers.
Deze populatie bestond uit een groep gebruikers van het Nucleus 22-kanaals
CI systeem en een groep normaalhorenden (controlegroep). Naast het
gebruik van toonstimuli (500 Hz en 1 kHz zuivere tonen), zijn tevens drie
soorten spraakcontrasten gebruikt, te weten een klinkercontrast (/i/ versus
/a/) en twee consonantcontrasten (/ba/ versus /da/ en /ba/ versus /pa/),
waarbij de laatste twee respectievelijk gebaseerd zijn op het verschil in de
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formant-transities en de stemhebbend/stemloosheid van de initiale consonant
(de zogenaamde ‘VOT’). Aangezien de P300 een cognitieve respons is, is de
hypothese dat spraakstimuli wellicht meer informatie zouden kunnen ver-
schaffen in de spraakperceptie dan zuiver tonale stimuli. Zowel bij normaal-
horenden als bij CI gebruikers konden reproduceerbare P300 potentialen
worden opgewekt. De beste responsies werden verkregen met een tooncontrast,
de slechtste met het VOT-contrast. Voor zowel de controlegroep als de CI
gebruikers was de discriminatie van het VOT-contrast moeilijker. De responsies
op dit spraakcontrast konden moeizaam worden opgewekt. Vergeleken met
de controlegroep vertoonden de CI gebruikers vertraagde latentietijden van
zowel de ‘slow vertex potentials’ N1 en P2, alsook van de P300 potentiaal. De
amplitudes van de responsies op spraakcontrasten waren kleiner dan die
van het tooncontrast. Een significante correlatie werd gevonden tussen ERP
variabelen en spraakverstaanscores voor zowel het toon- als het klinkercon-
trast: CI gebruikers met lage spraakverstaanscores toonden kleinere P300
amplitudes dan CI gebruikers met hogere spraakverstaanscores. Deze signifi-
cante relaties werden niet gevonden voor de consonantcontrasten. Aangezien
het VOT-contrast relatief slecht reproducerende P300 responsies opleverde,
werd besloten om in volgende experimenten een klinker- (/i/-/a/) en één
consonantcontrast (/ba/-/da/) te gebruiken.
De tweede studie (hoofdstuk 4) betreft een groep ervaren kinderen met het
Nucleus 22-kanaals CI-systeem. Twee groepen van vijf kinderen zijn onder-
zocht: een groep kinderen met slechte spraakverstaanscores (Groep A:
‘open-set’ woordscores van 40% of minder) en een groep met relatief goede
spraakverstaanscores (Groep B: ‘open-set’ woordscores van meer dan 60%).
ERPs werden opgewekt met zowel toon- als spraakcontrasten. Aanvullend
zijn de resultaten van kinderen vergeleken met de gegevens van de eerste
ERP studie bij volwassenen en de ERPs van een groep normaalhorende
kinderen.
De resultaten van Groep B kinderen en de volwassen CI gebruikers bleken
vergelijkbaar zodat de data konden worden samengevoegd om een ‘gecom-
bineerde CI-controlegroep’ te vormen. In vergelijking met de latentietijden
van normaalhorende kinderen, bleken N1 en P2 latenties van Groep A en de
gecombineerde CI-controlegroep vertraagd. De P300 latentietijden van de
gecombineerde CI-controlegroep en de normaalhorende controlegroep
toonden geen significante verschillen. Echter, de kinderen uit Groep A
toonden vertraagde of zelfs afwezige P300 pieken wanneer spraakcontrasten
als stimuli werden gebruikt. De resultaten suggereren dat de matige P300
resultaten mogelijk het gevolg zijn van een onvolledige maturatie van
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(sub)corticale generatoren, die geassocieerd zijn met de fonetische verwerking
van spraaksignalen, aangezien Groep A bestond uit enkel congenitaal dove
kinderen met een CI. Het opwekken van de P300 potentiaal lijkt een bruikbare
objectieve maat te zijn om CI gebruikers met goede en slechtere resultaten
van elkaar te onderscheiden.
In een derde studie in deze serie (hoofdstuk 5) is de relatie tussen de discri-
minatie van twee spraakcontrasten, een klinker- (/i/-/a/) en een consonant-
contrast (/ba/-/da/), met de gedragsmatige tests en met de objectieve P300
meting onderzocht. De data zijn verkregen onder drie verschillende meet-
condities, namelijk het gebruik van de drie verschillende spraakcodeer-
strategieën CIS, SPEAK en ACE. Alle proefpersonen gebruikten het
Nucleus 24-kanaals CI systeem. Strategie-afhankelijke gedragsmatige discri-
minatie van het spraakcontrast werd op individueel niveau beoordeeld op
een 5-puntsschaal. De resultaten tonen aan dat de gevonden P300 latentietijden
voor beide spraakcontrasten in overeenstemming zijn met de gedragsmatige
responsies. De P300 latentietijden blijken vertraagd wanneer de subjectieve
discriminatie van een contrast moeilijker is. Intra-subject analyses tonen verder
aan dat de verschillende spraakcodeerstrategieën significant verschillende
P300 latenties en amplitudes kunnen opwekken. Deze verschillen blijken ook
gerelateerd aan de gedragsmatige scores.
De resultaten van deze drie studies hebben aangetoond dat het bij CI gebruikers
mogelijk is om P300 potentialen via elektrische stimulatie op te wekken. 
Een vierde studie (hoofdstuk 6) heeft betrekking op het uitgebreid vergelijken
van enkel de gedragsmatige responsies van een groep CI gebruikers verkregen
met verschillende codeerstrategieën. In deze ‘cross-over’ studie is het spraak-
verstaan van twee groepen Nucleus 24 CI gebruikers onderzocht: één groep
gebruikers, die postoperatief als eerste met een ‘ACE’-strategie is aangepast
(‘ACE-groep’, n = 6) en één groep gebruikers, die als eerste met een ‘SPEAK’-
strategie ( ‘SPEAK-groep’, n = 6) is aangepast. De subjectieve voorkeur voor
één van beide strategieën is geëvalueerd. De ‘Abbreviated Profile of Hearing
Aid Benefit’ (APHAB) vragenlijst is toegepast om de eventuele meerwaarde van
één van beide spraakcodeerstrategieën te evalueren. CI gebruikers scoorden de
vragenlijst op een drietal sub-schalen, te weten het gemak van communicatie
(EC), het spraakverstaan in galm (RV) en het spraakverstaan in lawaai (BK).
Spraakverstaanscores werden verkregen middels ‘open-set’ spraakaudiome-
trische monosyllabische woordenlijsten in stilte en in ruis.
Scores verkregen met de ACE strategie blijken hoger dan die verkregen met
de SPEAK strategie. Wanneer de gebruikers van de ‘SPEAK-groep’ naar ACE
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overschakelen, behalen deze gebruikers hiermee toch nog hogere scores.
Vergelijkbare resultaten zijn ook gevonden bij ‘open-set’ woordscores in stilte,
alsook in ruis (S/N-ratio van + 5 dB).
Analyse van de APHAB-vragenlijst toont aan dat zes subjecten meer baat
hebben bij ACE, terwijl twee gebruikers meer baat hebben bij SPEAK. Bij de
overige gebruikers werd geen verschil gevonden. De uiteindelijke keuze voor
een specifieke strategie blijkt overeen te komen met de spraakverstaanscores
en/of de APHAB resultaten bij 9 van de 12 gebruikers. De meeste gebruikers
prefereren ACE, ongeacht welke strategie als eerste is aangepast. Hieruit
volgt dat de eerste gebruikte spraakcodeerstrategie a-priori geen invloed
heeft op de uiteindelijke spraakverstaanscores of gekozen strategie. 
De vijfde studie (hoofdstuk 7) betreft de verwerking van twee spraakcontrasten
(/i/-/a/ en /ba/-/da/) door individueel geoptimaliseerde spraakprocessoren
en de elektrische representatie van de contrasten in het slakkenhuis. Spectrale
energie van de gedecodeerde contrasten werd gevisualiseerd als een ‘elektro-
dogram’ (ELG), d.i. het elektrische analogon van een akoestisch spectrogram.
Van beide spraakcontrasten zijn ELGs geconstrueerd en zijn de absolute ver-
schilwaarden - ∆[ELG] - berekend. Deze ∆[ELG]s zijn vervolgens berekend
voor alle drie spraakcodeerstrategieën. Naast deze perifere maat van verwer-
king door de CI processor, zijn P300 potentialen bestudeerd met drie verschil-
lende strategieën als correlaat voor de corticale neurale verwerking van de
spraakcontrasten. 
Het doel van deze studie is om het inzicht in de relatie tussen de spraakver-
werking van contrasten door de CI processor (∆[ELG]) en de neurale verwerking
gemeten als P300 potentiaal te vergroten. Twee groepen van vier gebruikers
zijn geselecteerd uit 25 CI-gebruikers: één groep bestaat uit subjecten met
significant verschillende spraakverstaanscores met de verschillende codeer-
strategieën, terwijl de andere groep bestaat uit subjecten bij wie de spraak-
verstaanscores gelijk zijn, ongeacht de gebruikte strategie. Deze studie toont
geen significante relatie aan tussen ∆[ELG]s en de P300 latentietijden. Met
andere woorden, verschillen in discriminatie zoals gemeten met P300 zijn niet
simpelweg het gevolg van elektrische output-verschillen van de CI-processor.
In een zesde studie (hoofdstuk 8) zijn ERPs opgewekt bij 15 CI gebruikers
voor de drie spraakcodeerstrategieën in een ‘repeated measurement’ model,
dit is na de eerste aanpassing van de spraakprocessor en na zes maanden CI-
gebruik. Het doel van deze studie is de ontwikkeling van auditieve neurale
activiteit na zes maanden CI-gebruik. De hypothese is dat neurale corticale
activiteit in de loop van de tijd verandert als gevolg van elektrische stimulatie
door leereffecten. Men verwacht andere morfologische veranderingen in de
ERPs opgewekt met de dagelijks gebruikte (geprefereerde) codeerstrategie
dan in de ERPs van de andere codeerstrategieën.
In vergelijking met de normaalhorende controlegroep blijkt de morfologie
van de ERPs N2d, P300 en N3d inderdaad te veranderen. Het merendeel van
de CI gebruikers toont op beide evaluatiemomenten reproduceerbare en relatief
eenvoudig te interpreteren ERPs als ze worden opgewekt met het klinkercon-
trast, terwijl de kwaliteit van de ERPs die zijn opgewekt met het consonant-
contrast een duidelijke kwaliteitstoename laat zien ten opzichte van de eerste
meting: de tweede meting toont een afname van de P300 latentietijden en een
toename van P300 amplitudes. De meeste CI-gebruikers vertonen na zes
maanden grotere morfologische veranderingen in de ERPs die zijn opgewekt
met hun voorkeursstrategie, dan met de andere codeerstrategieën. Echter, bij
sommige gebruikers verbetert de kwaliteit van de ERPs voor alle drie codeer-
strategieën. Deze resultaten tonen aan dat naast een leereffect met de strategie
van voorkeur, blijkbaar ook een algemeen leereffect plaatsvindt.
In hoofdstuk 9 worden de resultaten van alle studies toegelicht en in relatie met
elkaar gebracht. Om na te gaan wat de rol van ERPs in CI-gebruikers is met
betrekking tot de klinische toepasbaarheid, zijn gegevens samengevoegd en
geanalyseerd. Hoewel er een duidelijke spreiding in de gegevens kan worden
geconstateerd, zijn significante correlaties gevonden tussen P300 latentietijden
en spraakverstaanscores. Kortere latentietijden blijken gerelateerd aan hogere
spraakverstaanscores. Om de mogelijke predictieve waarde van de eerste
P300 metingen (direct na de eerste aanpassing) voor het spraakverstaan op de
langere termijn te verifiëren, zijn individuele postoperatieve ERP metingen
geanalyseerd in relatie tot de spraakverstaanscores die verkregen zijn na zes
maanden CI-gebruik. De predictieve waarde blijkt beperkt. Blijkbaar zijn leer-
effecten en geleidelijke neurale adaptatie ten gevolge van langdurige elektrische
stimulatie meer van invloed op de resultaten na zes maanden dan verschillen
in corticale verwerking gemeten met spraakcodeerstrategie als parameter in de
eerste aanpassingsfase. Gespeculeerd wordt dat de ‘bottleneck’ in het fysisch-
elektrofysiologisch model van spraakverwerking wellicht het tweede stadium
is, dit is de overgang van elektrische informatie via de elektroden-array aan het
neurale systeem. Verder onderzoek op dit niveau lijkt nu daarom gewenst.
Helaas lijkt de bestudering ervan vooralsnog niet mogelijk via elektrofysiolo-
gische metingen met spraakcodeerstrategie als parameter.
In hoofdstuk 10 worden tenslotte samenvatting en conclusies van deze thesis
gegeven.
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